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INTRODUCTION

This report effectively marks the midpoint of the Atmospheric Effects of Stratospheric
Aircraft (AESA) investigation (Prather et al., 1992, Stolarski and Wesoky, 1993) of the NASA
High-Speed Research Program (HSRP). The AESA element of the HSRP began in FY 1990 and
has an approved budget plan through FY 1995. Although it has been proposed to augment and
continue the HSRP, at this time only the original plan has been authorized, and only AESA
activities that will be completed by the end of FY 1995 are sponsored by NASA.

Progress has been made in all areas of the HSRP (Rosen and Williams, 1993, Shaw, 1991),
including community noise and sonic boom research. However, most important to the AESA
studies is that related combustion research has achieved the goal emissions level of 5 grams of
equivalent NO> per kilogram of fuel in laboratory level facilities (i.e., flame tubes) for two basic
concepts at simulated high-speed civil transport (HSCT) aircraft cruise conditions. Plans are
progressing to next test these concepts in facilities that better simulate aircraft engines, and
research and technology development has also begun with the composite materials that will be
required for practical application of the low NOy (= NO + NOp) concepts.

AESA is a directed research program which relies heavily on the underlying base
investigations of the NASA Upper Atmosphere Research Program (UARP) and the NASA
Atmospheric Chemistry Modeling and Analysis Program (ACMAP). A primary question at the
beginning of the program was the impact of aircraft-generated NOyx on stratospheric ozone. The
other possible effects of importance to the program spanned the broad range of known
fundamental problems of stratospheric science. AESA support is used to emphasize those
elements of UARP and ACMAP that are most relevant to the evaluation of the effects of
stratospheric aircraft and to focus efforts of many of the researchers in those programs in
directions most beneficial to AESA. As indicated by the organizational association of the
investigators listed in Table 1, AESA has similarly benefited from base investigations that are
sponsored by other agencies of the U.S. government as well as programs sponsored by other
governments. In particular, recognition should be given to the National Oceanic and Atmos-
pheric Adminstration, the U.S. Department of Energy, and the National Science Foundation.
Likewise, it should be recognized that the investigators from other nations are being financially
supported by their governments for participation in AESA.

The general direction for the HSRP-sponsored atmospheric research has continued to be
guided by a panel of experts (Table 2) representing important constituencies of the scientific and
related communities. Investigators have been selected for sponsorship through a series of NASA
Research Announcements, which solicited worldwide participation in a wide range of topics
(Prather et al., 1992). In the past year a significant number of newly sponsored investigations
were begun, and these will probably be the last additions to the phase I program. Therefore, the
studies now under way will likely serve as the basis for the atmospheric assessment to be
conducted for the program in 1995. To ensure that the scientific plan for that assessment is
appropriate, the program status and plan reported here will be evaluated by the National
Research Council. The panel's evaluation of the interim assessment will, in turn, be later utilized
in the United Nations atmospheric assessment process which has resulted in a series of major
reports (e.g., World Meteorological Organization, 1992) to the Montreal Protocol Parties
(Benedick, 1991).

The overall plan for accomplishing the assessment activities and supporting the definition of
standards for acceptable levels of HSCT aircraft engine emissions is shown in Figure 1, where
the shaded areas represent completed milestones. The plan consists of three basic elements:
technology, science, and policy. The thrust of the AESA Program is towards the evaluation of
the scientific basis for technology directions and for any subsequent policy decisions. In order to
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provide a basis for evaluation of the scientific program, brief discussions of the technology and
policy issues are included in the chapter.

TECHNOLOGY
Low Emission Combustors

The Low Emission Combustor Technology element of the HSRP focuses on reducing oxides
of nitrogen (NOy) from proposed HSCT engines (Rosen and Williams, 1993). Related research
encompasses conceptual design of low NOy combustors, evaluation of their technical feasibility,
analytical prediction of cruise emissions levels for the selected configurations, and combustor
concept experiments. During the past 3 years, NASA, university investigators, and the aircraft
engine industry have established the foundation for the required technology under the HSRP.

Successful development of this technology poses significant challenges. The need for
substantial increases in fuel efficiency dictates considerable increases in combustor pressure and
temperature operating conditions in order to achieve viable aircraft performance and economics.
These conditions associated with fuel efficient engines cause NOy levels to increase
exponentially. Thus, significant departures from conventional combustor designs are required to
achieve program goals.

Advanced combustors, based on the Lean-Premixed-Prevaporized (LPP) and the Rich
Burn/Quick-Quench/Lean-Burn (RQL) concepts, shown schematically in Figure 2, offer the
potential for achieving the low NOy goals. In both concepts, combustion is designed to occur
where NOy formation is at a minimum: fuel lean for the LPP and fuel rich for the RQL (i.e.,
away from stoichiometric, or an equivalence ratio of 1). In the LPP concept, air and fuel are
mixed upstream of the burning zone to produce a homogeneous mixture. The liquid fuel is also
fully vaporized in this zone. This mixture burns downstream of the flameholder at a relatively
low temperature (below 3000°F) producing very low NOy emissions. The RQL combustor is a
staged combustion system in which the rich zone burns fuel in an air-deficient environment
which is conducive to very low NOy formation. This partially burned mixture has large
quantities of air injected into it as it passes through the quick-quench zone of the combustor. The
air must be added quickly to avoid burning at stoichiometric conditions. Final combustion then
occurs in the lean stage.

The HSRP goal is shown in Figure 3 relative to operational engines and an earlier NASA
research program, the Experimental Clean Combustor Program (ECCP). This program
demonstrated the technology required to design and develop advanced commercial, subsonic
aircraft engines with significantly lower pollutant levels. In that program the research combustor
attained NOx-emissions indices considerably lower than those of the operational General Electric
CF6-50 or Pratt & Whitney JT9D engine combustors. These results are highlighted in Figure 3,
showing a plot of total NOy emissions, expressed as grams of equivalent NO7 per kilogram of
fuel, as a function of a NOy severity parameter (i.e., proportional to increased severity of
operating conditions). The top curve shows NOy levels from the conventional combustors, while
the bottom curve shows NOy levels obtained under the ECCP. For comparison, the ambitious
HSR Program goal is shown as a band around an emissions index (El) of 5 grams of equivalent
NO3 per kilogram fuel.

Many NASA and industry tests in flame tube facilities now show a laboratory-level
capability to achieve the low emissions goal (Shaw, 1991), and it is planned to verify the
capability for both concepts in sector rig (i.e., a piece of a full annular combustor) tests before the
end of FY 1995. Full annular rig and testbed engine experiments have been proposed for the
next phase of the HSRP which has not yet been authorized. Simultaneously with the combustion
research, an Enabling Propulsion Materials project (Aviation Week, 1992) was initiated in FY
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1992 to develop the Ceramic Matrix Composite (CMC) materials that will be necessary to fully
implement the low NOy concepts in aircraft engines. The goal of the project is a material that
can operate at 2500° to 3000° F for 75% to 80% of the 18,000 hours of proposed engine
combustor liner lifetime. As shown in Figure 1, validation of the materials technology in an
engine combustor test has been proposed for around the year 2000.

Fleet Emission Scenarios

Although designs for HSCT aircraft and engines are only in the conceptual stage, it is
important to assess their potential atmospheric impact on the basis of predicted flight patterns
and technology specifications that are as realistic as possible. To this end the HSRP has
supported the development of a database of present and future fleet operational mission scenarios
by the Boeing Commercial Airplane Group and the McDonnell Douglas Corporation.

As indicated in Figure 1, this effort has been managed as an element of the AESA scientific
assessment process, but the task has been implemented within the HSRP aircraft technology
system studies (see Chapter 3). In earlier AESA sensitivity studies (Prather et al., 1992, Stolarski
and Wesoky, 1993), the scenarios did not fully consider all aspects of normal flight patterns (e.g.,
takeoff, climb, etc), and it was assumed that all fuel would be consumed within narrow ranges of
cruise altitude. No longitudinal variation in fuel burn or emissions was considered, and only
scheduled commercial passenger traffic in the earlier non-Communist world was included.

For this report, the aircraft fleet emissions scenarios utilized with the assessment models have
been further developed (see Chapter 3). They now provide a detailed geographic distribution for
fuel burn and exhaust emissions (i.e., | degree latitude by 1 degree longitude by | km altitude).
The simulated fleets include military as well as civil aircraft and also consider operations in the
former Soviet bloc. Besides including the present scheduled airline subsonic jet fleet, projected
future subsonic fleets, and various assumptions for future HSCT fleets, the new scenarios also
include estimates for cargo, turboprop, military, charter, and nonscheduled flights.

For all scenarios, fuel burned was estimated along with emissions of nitrogen oxides,
hydrocarbons, and carbon monoxide. Estimates were made for relevant subsonic fleets in 1990
and 2015 and for HSCTs in 2015 flying at Mach 1.6, 2.0, or 2.4. Emissions of water vapor and
carbon dioxide are estimated directly from the fuel burned. Two versions of the 2015 subsonic
emission levels were developed: one of these assumed no HSCTs would fly, while the other
assumed that HSCTs would be used to satisfy part of the projected market thereby lowering the
projected subsonic growth. For the HSCT emissions of nitrogen oxides, estimates were made for
several values of the emission index (EI) for each of the Mach numbers. Nominal emission
indices at cruise altitudes of 5 (the HSRP goal) and 15 g NOy as NOy per kg of fuel were
calculated. Scenarios for EI of 45 were constructed by linear scaling.

Exhaust Characterization and Wake-Vortex Interaction

The programmatic interface beween HSRP technology and atmospheric science figuratively
occurs at the exhaust plane of the aircraft engines. Assessment of the potential impact of an
HSCT on the stratosphere is dependent upon accurate knowledge of what is emitted from the
aircraft, and studies (Prather et al., 1992) show that the products of combustion in the engine
exhaust are the primary source of significant reactive chemical species. These studies have
determined that perturbations to atmospheric chemistry may occur from NOy, SOy, H20, and
soot constituents of engine exhaust. Traditional consideration of NOx-driven homogeneous (i.e.,
gas phase) catalysis of ozone has been supplemented with a recent general concern about the
impact of particulate soot and condensible gases (e.g., HNO3, H2SO4, H20) on the aerosol
content of the stratosphere, and the possible resulting effect on heterogeneous chemistry which
also influences ozone chemistry. Although no HSCT engines will have been developed during



the lifetime of this study, plans (see Chapter 5) are being formulated for measurements of the
exhaust products from flame-tube and other combustor test rigs. Accurate determination of
exhaust NOy, based on redundant instrumentation, is the highest priority. Efforts to measure
soot properties, SOy speciation, and OH concentrations have also been instituted.

The global atmospheric models that assess the impact of engine emissions simulate the
exhaust products with a grid box in which simple dilution occurs with the required amount of air.
This assumes that there are no nonlinear, irreversible processes which change the character of the
exhaust products, and the exhaust products chemical balance is assumed to be controlled by the
conditions in the ambient atmosphere. To test this idea, the program has supported development
of a plume and wake-vortex interaction model that couples fluid dynamics, chemical kinetics,
and condensation physics. Initial calculations (Zhao and Turco, 1992, Miake-Lye et al., 1993)
suggest that binary homogeneous nucleation of small particles could occur rapidly in the plume
because of high concentrations of nitric and sulfuric acid. If small particles are rapidly formed,
and if the particles do not coagulate with the background aerosol, then the sulfur in the exhaust
will produce a larger perturbation to the background sulfate surface area than would be the case
for coagulation. The potential importance of this effect is dependent on the amount of the
surface area increase and on the role of the sulfate in determining stratospheric chemical
balances. Calculations of the range of possible increases in the surface area are being done, and
these must be evaluated in the context of the sensitivity of the stratospheric chemical balance to
sulfate additions. Evaluation of the sulfate effect on the lower stratosphere is ongoing, as
understanding of the chemistry develops (see Chapter 5).

SCIENCE
Background and Issues

Early assessments of the potential impact of stratospheric aircraft were done during the
Climatic Impact Assessment Program (CIAP) (Grobecker, et al., 1974) and the following High
Altitude Pollution Program (HAPP). CIAP and HAPP concluded that the two primary potential
impacts of aviation were on stratospheric ozone and on climate. Exhaust constituents considered
included, NOy, H7O, sulfur compounds, soot, hydrocarbons, metals, CO, and CO;,. Based on
these results and research since the end of CIAP and HAPP, the AESA investigation has placed
its primary focus on the problem of the effects of NOx and H,0 on ozone. CO, CO2, and
hydrocarbons have been considered in assessments, but their calculated effects are small, and,
therefore, minimal research has been done on them. The problem of sulfur and soot on particle
formation has also been considered in the program, but with less emphasis. The effects of
changes in particle concentrations and ozone on climate have been deferred until a better
understanding of those changes. An initial study to evaluate the potential changes in radiative
forcing from aircraft effluents is now under way.

The scientific studies of AESA have been conducted simultaneously with the technology
effort. Previous AESA reports (Prather et al., 1992, Stolarski and Wesoky, 1993) have discussed
the general program plan and early results. At this midpoint of the program, a number of the
major milestones (Figure 1) have been accomplished.

For an HSCT fleet with low NOx combustors, the predictions of ozone depletion are now
small (see Interim Assessment Report, chapter 7). This is mostly because of the realization
gained from the observational and laboratory programs that lower stratospheric chemistry is
significantly modified by heterogeneous chemical reactions. The AESA program was designed
to focus on the impacts of stratospheric aircraft flight identified to be of primary concern. At the
same time, the program supports a broad base of research to ensure that all aspects of the
problem are evaluated. This broad base provides flexibility, so that the program can respond to
changes in the understanding of stratospheric science. Thus, the program started with a focus on
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the homogeneous gas-phase chemistry of the lower stratosphere, but has now been refocused to
emphasize the heterogeous aspects of the chemistry.

The importance of heterogeneous chemistry in the lower stratosphere has led to the
realization that the effect of aircraft exhaust on the stratospheric particulate surface area may be a
more important problem than previously believed. The researchers funded by AESA and by
UARP and ACMAP are leading the way in defining these important new foci. This process is
strongly supported by the Advisory Panel which has helped select the research proposals to be
funded and the directions in which to encourage further investigation by those researchers
already funded by the program. As the assessment process has matured, the foci of the program
and the related investigations have shifted with the emerging understanding, but the overall
scientific issues have remained unchanged. These are:

1. What emissions could occur from high-speed civil transport (HSCT) aircraft?

2. What ozone-related chemical processes are important in today's atmosphere and in a
future atmosphere perturbed by HSCT emissions?

3. How consistent are atmospheric observations with the current understanding of the
HSCT-related chemistry?

4. What are the predicted atmospheric changes associated with HSCTs?
5. What are the uncertainties in these perturbation predictions?

As explained in a previous section of this chapter, the first issue is being addressed with a
detailed evaluation and prediction of worldwide aircraft operations, related fuel consumption,
and relevant emissions. Investigations of the other four issues draw from scientific research
sponsored by AESA and other programs in three basic areas: laboratory studies, atmospheric
observations, and theoretical modeling.

A baseline assessment was reported at the beginning of 1992 (Prather et al., 1992), with two-
dimensional global atmospheric models and homogeneous chemistry assumptions serving as the
basis for sensitivity studies. The models were relatively unchanged from those being applied at
the time to calculate the effects of CFCs (i.e., chlorine) on the atmosphere, and did not yet
incorporate heterogeneous reactions on particle surfaces in the stratosphere. Laboratory studies
and atmospheric observations, supported by AESA and other programs, later demonstrated the
important role of heterogeneous reactions in determining the chemical speciation of NOy and
chlorine compounds, which has profoundly affected the calculated sensitivity of ozone to these
pollutants.

Laboratory Studies

Interpretation and understanding of the results of atmospheric observations in terms of
numerical models rests on fundamental experiments carried out in the laboratory. Since a
majority of the needed information is fundamental to various other areas of atmospheric
chemistry, laboratory studies have been an ongoing effort in various programs. A number of
basic research programs, including the UARP, have funded researchers doing such chemistry
studies, with augmentation from AESA to focus on the questions specific to the evaluation of the
effects of stratospheric aircraft; particularly the major impact of heterogeneous reactions on the
prediction of HSCT effects.

Results from several laboratories now agree that the reaction of N2Os with H,0O proceeds
rapidly on liquid sulfate aerosols and its rate is apparently independent of the composition of the



sulfate particles. The dependence of the CIONO; plus HO reaction on sulfate particles as a
function of the water content of the particles has been determined, and ongoing studies will
quantify the effects of water vapor and temperature on sulfate aerosol composition for inclusion
in assessment models.

Characterizing the reactions occurring on nitric acid trihydrate (NAT) and water ice surfaces
continues. A recently important aspect of this research is the question of the exact conditions
required for the formation of frozen NAT particles in the stratosphere. Aircraft exhaust contains
NOy, which will be converted to HNOs3, and water vapor. Together these can increase the
probability of the formation of NAT clouds both inside and outside the polar vortex. Calculation
of their impact depends on questions like the degree of supersaturation required for NAT
formation and also whether pure NAT will form. Aircraft exhaust also contains compounds that
will add to the sulfur loading of the stratosphere. The possible increase in surface area will
depend on whether the emitted sulfur is in the form of new or separate small particles or
deposited on existing particles to make them larger. AESA laboratory work will be continued
(and coordinated with exhaust characterization efforts) to improve knowledge of the properties of
aerosols associated with HSCT atmospheric impact (issue 2) and to reduce uncertainties in the
related predictions of ozone perturbations (issue 5).

Atmospheric Observations

Because atmospheric observation programs are expensive to run, and because it was
perceived that such programs held the key to new discoveries which would modify our
understanding of the stratosphere, the AESA program has devoted a large part of its available
budget to this aspect of the program. Initial involvement in atmospheric observations was
through the second Airborne Arctic Stratospheric Expedition (AASE-II) where AESA
augmented the primary support of the UARP. That mission included six 2- to 3-week segments
of flights of an instrumented ER-2 aircraft from Bangor, Maine, and Fairbanks, Alaska, which
were carried out from October 1991 through March 1992. Measurements from these flights were
augmented with others obtained from an instrumented DC-8 aircraft on flights from Moffett
Field, California to Stavanger, Norway via Fairbanks, and back to Moffett Field. A result of
direct importance to AESA was the finding of chemically perturbed air (e.g., high ClO, low NO)
at middle and low latitudes of the northern hemisphere lower stratosphere. These findings were
consistent with the idea that the air had been subjected to heterogeneous reactions on the surfaces
of stratospheric particles.

Investigators associated with AASE-1I have further reported (Fahey et al., 1993) on their
observations, combining laboratory and modeling efforts to show how "the reaction of N72Os on
sulfate aerosols likely alters the partitioning of the reactive nitrogen reservoir in the lower
stratosphere.” Measured estimates of the NOyx/NOy ratio are far lower than predicted by
photochemical models that include only gas phase reactions. Inclusion of the sulfate aerosol
reaction in the models results in better agreement with observations and indicates a greater
sensitivity of ozone to growth in anthropogenic chlorine, but a lessened impact of NOy. The
apparent cause of the lessened NOy effect has been suggested by laboratory studies which show a
large reaction rate for N2Os + H20 ---> 2HNO3, where the HNO3 reservoir is not directly
involved in ozone chemistry, as indicated in Figure 4.

Although it is clear that the presence of heterogeneous chemistry reduces the calculated
potential impact of NOy from stratospheric aircraft on ozone, questions still remain about the
relative contributions of reactions on background sulfate aerosols, volcanic sulfate aerosols, and
polar stratospheric clouds to midlatitude chemistry. It is now necessary to investigate how
widespread the impact of heterogeneous chemistry is as a function of geography and season.



To better understand these effects, more atmospheric observations are being conducted in the
Stratospheric Photochemistry, Aerosols and Dynamics Expedition (SPADE). The SPADE
measurements will emphasize free radical chemistry over a full diurnal cycle at the northern
midlatitudes most important to aviation. Flights of the ER-2 aircraft from Moffett Field,
California, will extend the results from AASE-1I by addressing the primary question: What are
the key chemical processes that potentially affect ozone levels in the part of the stratosphere most
strongly influenced by stratospheric aviation? A secondary question is: What will be the
distribution of exhaust effluents in the stratosphere?

The SPADE mission uses the same basic payload flown on AASE-II augmented by three
new instruments, two of which were developed under the AESA program: 1) an OH/HO>
instrument developed at Harvard University to measure the key missing radicals, 2) a CO;
instrument also developed at Harvard, which will provide a measure of the length of time that air
has been in the stratosphere, and 3) an ultraviolet/visible spectrometer developed by the
Canadian Atmospheric Environment Service, which will provide a measurement of the solar flux
available at the aircraft for the dissociation of key molecules. A more detailed description of the
plans for SPADE is provided in Chapter 2.

A 1994 field campaign is planned to be conducted in conjunction with the NASA UARP
Airborne Southern Hemisphere Ozone Experiment (ASHOE). ASHOE is expected to provide
further understanding of basic atmospheric chemistry and dynamics through studies in the
Antarctic region. Measurements for Assessing the Effects of Stratospheric Aircraft (MAESA) is
an AESA/HSRP-sponsored effort which will support enhanced ER-2 flights between
Christchurch, New Zealand, and Moftett Field, with stopovers in Hawaii and Fiji. The combined
ASHOE/MAESA mission will provide observations of important chemistry and dynamics in the
equatorial regions, as well as in the middle latitudes. The measurements will greatly increase
knowledge of seasonal and geographic distribution of the chemical partitioning of stratospheric
radicals to allow an improved assessment of the global importance of heterogeneous chemistry
and its importance for the evaluation of HSCT perturbations.

An augmented altitude capability for observations will be provided in MAESA by the new
Perseus autonomous aircraft (Russell et al., 1991). Along with the UARP, AESA has provided a
significant portion of the funding for the development of Perseus. AESA has also funded the
development of four new lightweight instruments for Perseus (see Chapter 2 for more details).
The current plan is for the first Perseus test flights to be from the NASA Ames-Dryden Flight
Research Facility at Edwards Air Force Base, California, and then for deployment at an
equatorial base to specifically study tropical dynamics and chemistry. Those measurements are
to be coordinated with observations from the ER-2 and the Upper Atmosphere Research Satellite
(UARS) and will help to fill the gap between their altitude capabilities.

Modeling

The major advances in understanding from the atmospheric observations and laboratory
measurements must be incorporated into a comprehensive model to quantitatively assess the
effects of stratospheric aircraft. Together with ACMAP, the AESA program has supported
development of a number of research and assessment models.

Research models extend understanding of the best ways to model the stratospheric system.
These include simulations that are used to search for better ways to incorporate the essential
features of the three-dimensional world into two dimensions (i.e., altitude and latitude). Three-
dimensional models are primarily aimed at understanding the detailed nature of the transport of
stratospheric pollutants to the troposphere, providing the fundamental advances that are
incorporated into the two-dimensional assessment models, often implemented by the same
groups.
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Models and Measurements Intercomparison

During the CIAP program in the early 1970s and the early evaluations of the fluorocarbon-
ozone problem, the basic assessment tool used was a one-dimensional (i.e., altitude) eddy-
diffusion model. Limited observations of long-lived tracer species were used to define the
transport coefficients, and equally limited observations of important stratospheric radicals were
used to test the model. Discrepancies were usually explained as indications of meteorological
variability that the simple model could not be expected to represent. Progress in the
understanding of the stratosphere has led to a more critical view of models. Now two-
dimensional models (i.e., latitude and altitude) are relied on to predict the seasonal and
geographic distribution of the zonal mean concentrations of stratospheric species. The database
of observations has expanded significantly, allowing comparisons which place a larger degree of
constraint on the models.

A major milestone in advancing the understanding and credibility of assessment models was
the Models & Measurements (M&M) Workshop (Prather and Remsberg, 1993) conducted in
early 1992. This forum provided a foundation for establishing the credibility of stratospheric
assessment models and represents a significant extension of previous model intercomparisons. A
set of predetermined experiments tested different aspects of the models. In addition, a group of
experimenters and data analysts assessed the existing observational database and provided an
evaluated set which could be used to further critically test the models.

The M&M Workshop was directed towards two goals: the intercomparison of models on
highly constrained problems of prediction and comparison to carefully selected data on the
concentrations of stratospheric gases. The modelers were given specified inputs for the key
tracers and absorbing species and asked to calculate several fundamental parameters such as
chemical partitioning and rates of photodissociation. The model-to-model agreement obtained
was far better than in previous model intercomparisons. Although some disagreements still exist,
there is now a core set of models that appear to be calculating nearly the same impacts under the
same set of assumptions. These models are used to make the basic assessment of the impact of
aircraft, augmented by offline calculations of effects not incorporated into the 2-D models as
well as by 3-D model evaluations of the accuracy of the transport calculations.

The models being used for assessments in the AESA program began as gas-phase 2-D
photochemical models of the troposphere-stratosphere system. They have been improved
through the incorporation of updated gas-phase reaction rate coefficients, improvements in their
dynamical representation, and the inclusion of parameterized rates for heterogeneous processes
on the surfaces of aerosols. The M&M Workshop and the research efforts of the modelers have
identified several areas of possible improvements for future assessment models. These include:

1) Parameterization of heterogeneous chemistry - Present models include reactions on
assumed surface areas, which are consistent with the laboratory measurements of
sticking or reaction coefficients. Questions concerning the possibility of increased
aerosol surface area or NAT formation due to exhaust products (e.g., SOp, H2O, NO
converted to HNO3) will require a more detailed examination of the conditions under
which particles are formed. This will require continued laboratory studies and the
incorporation of aerosol formation processes in assessment models.

2) Vortex and subtropical jet barriers - Aircraft data have shown sharp gradients of tracers
such as N2O at the boundary of the winter polar vortex in both hemispheres. These
gradients are indicative of the existence of barriers to transport which limit the exchange
of air between the vortex and the surrounding midlatitudes. These barriers, and the
degree of containment or leakiness of polar-processed air, may be crucial to the accurate
evaluation of the effects of stratospheric aircraft. Present assessment models show no
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significant barrier and thus mix air rapidly between the two regions. Promising results
were shown by Garcia at the M&M Workshop (Prather and Remsberg, 1993) indicating
that a simple parameterization of the waves in the longitudinal direction effectively
isolated the vortex and led to predictions of sharp gradients. Some practical method
must be found to incorporate this vortex isolation into the assessment models. A further
problem is the apparent (i.e., weaker) barrier to transport between the tropics and
midlatitudes. This shows up in the analysis of data from ER-2 measurements and,
dramatically, in the SAGE observations ot the aerosol cloud from Mount Pinatubo.

3) Synoptic-scale processes and stratosphere-troposphere exchange - Although some
overall constraints can be put on stratosphere-troposphere exchange from the slopes of
tracer isolines (see Chapter 4 by Plumb in Stolarski and Wesoky, 1993), aircraft exhaust
will be injected in narrow areas near the tropopause. Its lifetime in the stratosphere will
often be determined by the details of the synoptic-scale processes occurring in the region
near the injection. This requires 3-D studies that are closely keyed to observations. It is
not now clear how the 2-D assessment models can be changed to accurately include
these processes, but 3-D simulation results will probably be used in some way to
improve the existing dynamics in the 2-D models.

Current Assessment

The present assessment uses 2-D models as described in the M&M Workshop Report. In
many cases, these models include improvements based on results from that workshop. Detailed
predictions from the current assessment models are presented and discussed in Chapter 4 and
summarized in Table 3. A range of aircraft operational scenarios has been examined, and the
predictions indicate the possibility of relatively small effects of HSCT emissions on atmospheric
ozone. However, the results are also clearly dependent on the heterogeneous chemistry
assumptions, which require further study. There is also an expected effect of background
chlorine and its interaction with emitted NOx.

As previously noted (Stolarski and Wesoky, 1993), much more effort will be required to
confirm and interpret the AASE-II observations regarding sulfate aerosol chemistry over the full
operating range of possible future HSCT aircraft. Similarly, the heterogeneous reactions which
form the polar stratospheric clouds associated with the Antarctic ozone hole (WMO, 1992)
require further study because additional NOy from aircraft emissions may cause an increase in
the geographic extent of that phenomenon. The formation of NAT in aircraft corridors,
particularly at near polar latitudes, may trigger ozone depletion through enhanced chlorine
chemistry.

Final Assessment Plans

The AESA program plans to use what might be called the next generation of models for the
final program assessment in 1995. Between now and that assessment in 1995, it is expected that
models will incorporate better representations of some of the processes described above. The
assessment models should benefit from the knowledge gained from both laboratory and
observational data.

Observations from SPADE and MAESA will address many of the remaining important
questions. Additional information from exhaust characterization and wake-vortex studies,
continuing laboratory investigations, and improved global models should all contribute to an
improved assessment capability by 1995, Other capabilities which have been added to the
overall AESA effort, and should even further enhance the quality of the final AESA assessment
planned for 1995, include climate modeling and uncertainty analysis of the global simulations.
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POLICY

Policy (Figure 1) is the third element of the plan to define acceptable levels of HSCT
emissions. Although the establishment of standards for regulatory policy is not a specific NASA
responsibility, it is assumed that the scientific and technical data derived from the HSRP will
provide significant assistance to regulatory authorities. Therefore, the program plan has
attempted to coordinate research with ongoing United Nations activities, which recommend
standards for global environmental acceptability of certain atmospheric pollutants, as well as
with the national and international organizations that establish aircraft certification standards.

The International Civil Aviation Organization (ICAO) is the U.N. body that recommends
standards for the worldwide aviation industry. ICAQ, in turn, has established the Committee on
Aviation Environmental Protection (CAEP) "to undertake specific studies, as approved by the
Council, related to the control of aircraft noise and gaseous emissions from aircraft engines."”
CAEP is to take into account:

+ Reasonableness and environmental benefit of certification schemes.
» Developments in other fields (e.g., emissions control through operational procedures).
» International and national programs of relevant research.

In its first work program, CAEP proposed to recommend "appropriate provisions for the
control of emissions from aircraft in the vicinity of airports” and to monitor "research into
pollution of the atmosphere above 900 metres and propose appropriate action if it appears that
aircraft are significant contributors to this pollution." Currently, aircraft emissions standards
only exist for the landing-takeoff cycle (i.e, the airport vicinity below 900 meters altitude)
(ICAQO, 1981), but the following recommendation was included in the report of the second
meeting of CAEP in December 1991:

"It was generally agreed that the main aim of this part of the future work programme was to
minimize or, if necessary, decrease the adverse impacts of aircraft emissions on the
environment around airports, on the ozone layer, and on global climate change. In particular,
this work should address the possibility of increasing the stringency of the gaseous emissions
requirements for subsonic aircraft and establishing standards for supersonic aircraft, when the
environmental need has been accepted by an international scientific consensus (e.g. by
UNEP/WMO), and is technologically feasible and economically reasonable.”

A working group was established by CAEP to pursue this recommendation, with the
following instruction in its governing Terms of Reference:

"The working group should review the environmental needs for reducing aircraft emissions.
The working group should assess the results of the further development of modelling of the
atmosphere, in order to improve the prediction of the environmental effects of aircraft
emissions. The assessment should include, but not be limited to, the results of the research
sponsored by ECAC, EC, the NASA High-Speed Research Program, and UNEP/WMO."

It was recommended at the second meeting of CAEP that the third meeting occur as early as
late-1994 where standards for aircraft cruise emissions might first be considered.
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Results of the AESA studies have already been included in a previous assessment by
UNEP/WMO (WMO, 1992) where it was recommended that future research should include:

 Stratosphere-troposphere exchange.

» Ozone budget in the lower stratosphere.

» Plume dispersion and plume chemistry.

» Effects of sulfur and particulates.

» Effects of polar stratospheric clouds and coupling to ozone chemistry.

Ongoing results of the AESA studies are to be included in future UNEP/WMO scientific
assessment reports, and specifically are to serve as a primary source for the planned "Scientific
Assessment of Ozone Depletion: 1994," which is to be submitted to the Montreal Protocol
Parties in 1995 (D. L. Albritton, personal communication, 1992). These results are to be
coordinated with other similar research efforts being conducted throughout the world. In
particular, the European Community is now sponsoring a number of aircraft-focused
investigations with possibly the most relevant being the 1992 initiated AERONOX (U.
Schumann, personal communication, 1992) program for "studies concerning the impact of
subsonic air traffic at cruising altitude on the atmosphere.” Therefore the policy processes
implied in Figure 1 for achieving international emissions standards, and possible national
regulations are well under way.

CONCLUSION

The NASA High-Speed Research Program is sponsoring a comprehensive study of the
scientific issues associated with the Atmospheric Effects of Stratospheric Aircraft. Included are
significant projects to characterize engine exhaust and interactions with the aircraft vortex-wake,
investigations of relevant chemistry in the laboratory, observations of related processes in the
atmosphere, and development of accurate computer models of the global processes. The
scientific studies are coordinated with low NOx combustor research and technology and the
projection of growth in airline markets. Results of the scientific studies are also being used by
international organizations that assess environmental effects of atmospheric pollutants and
establish standards for aircraft certification.

A range of aircraft operational scenarios has been examined with 2-D global models, and the
predictions indicate the possibility of relatively small effects of proposed low NOy combustor
emissions on atmospheric ozone. These models have relied on limited in situ observations of
heterogeneous chemical processes in the upper atmosphere which have been shown to be robust
in laboratory studies. However, the history of ozone and climate change science and policy has
been complex and contentious (Benedick, 1991, Roan, 1990). Therefore, to ensure that
appropriate simulations serve as the basis for future assessments, much work remains to confirm
whether the observed chemistry is representative of all seasons and geographic locations and that
the assessment models are accurately simulating all relevant aspects of atmospheric chemistry
and dynamics as well as the proposed aircraft emissions and operations.
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Table 3. Summary of Current Assessment Model Predictions
SCENARIOS
HSCT FLEET| HSCT EMISSIONS INDEX | BACKGROUND
MACH NO. gm equiv NO2/kg fuel CI (ppbv)
1.6 5 3.7
1.6 15 3.7
2.4 5 3.7
2.4 15 3.7
2.4 15 2.0
2.4 45 3.7
ASSESSMENT MODEL*
HSCT FLEET COLUMN OZONE CHANGE (%), 40 TO 50 DEG N LATITUDE
MACH NO. AER CAMED GSFC LLNL NCAR OSLO
1.6 -0.04 0.69 -0.11 -0.22 -0.01 0.04
1.6 -0.02 0.48 -0.07 -0.57 -0.60 0.15
2.4 -0.47 0.38 -0.29 -0.58 -0.26 -0.47
2.4 1.2 -0.45 -0.86 2.1 -1.8 -1.3
2.4 2.0 1.1 1.3 2.7 2.3 -0.42
24 55 2.8 -4.1 83 -6.9 35

*See Chapter 4 for definition of models and other details.

18




‘uonedyIuad

Jeure | QSH 10} spiepuels |eluawuonaud Buiysyqersa 1oy ueld weiboid yoreasay paads-ybiH °1 ainbi4

g6 | 6 | 96 | s6 | 6 | e6 | @ | 16

1eun DWND
Ulim
Biy senuuy

Wiqe18d0
euibug 8109

P66 SV AlHvI SV

HNO20 AVA £/d3VD e

SiISYg NOUVYOIZILH3 D
ON3INWOO3 Y

By seiued
|020101d

By SeBRd ™
10001009

N %8040
1dy eousg

suonenbe
i _m_ Y JUBWISSOSSY selpnig eaIwwoy
s|qeis
sprepuels dwj uonauz [elueWUOIIAUT ysiqeis3
l.luj/leuoneN

06 [vaA wvanawv)

.................................................

U0[199)01d [BIUBIUOIIALT |
UONBIAY UO 83IWWOD OVII |

OWM |

‘d3INN/1090101d [eaNUOW

(Ansnpul ‘vda ‘W4 ‘VSVN) |
a9 wIwIo)
Ansnpuy/Aousbessiu| .
*AJ10d

ubredwe) piei4

ubredwe) pieid
_ 3avds
epeibdn sojjeueng
|opow Suorssiwg

luswssessy
weiboiy jeuiy

aasnwa3<
sujeseq

co_ﬁgm>
MBINBY {oPOW
WOH XON INIONT .
1ondoHd 19716 OuN
NOILDT135
NOILYHNOIINO D

§1s8 ] 10108G

JBur DND
Jejnuuy

peacidw|

yelo1y oueydsolens 4o
$109})3 duvydsouny
‘3ON3IDS |

66

_

g6 | 6 | 96 | s6 | v6 | e | e [ 16

06 T<w A HYANITVD

S101SNQWOD XON MO
:ADOTONHOAL |

19



“SUOHIPUOD
JU1BWOIYD0IS 0} SPUOdsa1100 (' JO Ollel adusje|inba a1aym sidaouoo JojSNquIod XON Mo 'z aunBi4

NHNE NVIT/HONIND MOIND/NYNA HOIYH d3ZIHOdVA3Hd A3XIN3Hd NV3T

® ‘OlLVYH IONITVAINO3
Gl 0L G0 0

20



“gLwr) 8oUaPISaI 19N} B} S! } pue aInssaid pue ainjesadwial Jajul J0ISNQUIOd
ale 19|uld pue 1ajull 8iaym ‘[eob suoissiwe XON mol weiboid ydlessay poadg-ubiH ‘g 2inbi4

(1 1@uid 19Ul - HILIWVHVYC ALIHIAIS XON
i (AN ot 80 90 AY) ¢0
1 | i |

(d023)
WVYHD0Hd HO1SNaGWO0?D
NV31) TVLINIWIHIGXS

VSVN

~  “SwoLsnawoo

TVNOILNIANOD
IN3HHNO

0
ot
3Nd OA
ANOI W
0c
(1I3) X3aNl
SNOISSING
(1]
oY

0s

21



“(panwi suizeBew ueliwORKW ‘€661 ‘v 1LS-60S ‘€IE ‘aINEN
woyj uoissiwiad yum pajuudal ‘£661 (e 19 Aayed) ales uois1aauod ay) 0} jeuoiuodoid Ajjeulwou s Smoue
8y} JO sSawxOIYl By} 1aym ‘ones AON/XON 8yl auiwlap Jey) sassaooid ay) Bunousp wesbeiq v ainbi4

HO

€ONH

HO ‘AY

|jososay
olejing

O%H

AY

>

P A A L N DT R A e

|10so1aY
oleyng

ON

- - .. -meweaeene=-=-

22



REFERENCES

Aviation Week & Space Technology, "GE, Pratt Studying Combustor, Nozzle Materials for
HSCT,” p. 66, August 31, 1992,

Benedick, R. E., Ozone Diplomacy, Harvard University Press, Cambridge, MA, 1991.

Fahey, D. W. et al,, In situ measurements constraining the role of reactive nitrogen and sulphate
aerosols in mid-latitude ozone depletion, Nature, in press, 1993.

Grobecker, A. J. et al., Climatic Impact Assessment Program (CIAP), Report of Findings: The
Effects of Stratospheric Pollution by Aircraft, DOT-TST-75-50, U.S. Department of
Transportation, Washington, D.C., 1974.

International Civil Aviation Organization (ICAO), International Standards and Recommended
Practices, Environmental Protection, Annex 16, Volume 1I, Aircraft Engine Emissions, First
Edition, ICAOQO, 1981.

Miake-Lye, R. C., R. C. Brown, M. Martinez-Sanchez, C. E. Kolb, Plume and Wake Dynamics,
Mixing, and Chemistry, Proceedings of the 1993 JANNAF Exhaust Plume Technology
Subcommittee Meeting, Kirtland AFB, NM, Chemical Propulsion Information Agency, in
press, 1993.

Prather, M. J., et al., The Atmospheric Effects of Stratospheric Aircraft: A First Program Report,
NASA Reference Publication 1272, NASA, Washington, D.C., 1992

Prather, M. J., and E. E. Remsberg, Eds., The Atmospheric Effects of Stratospheric Aircraft:
Report of the 1992 Models and Measurements Workshop, NASA Reference Publication
1292, NASA, Washington, D.C., 1993.

Roan, S. L., Ozone Crisis, John Wiley & Sons, New York, 1990.

Rosen, R., and L. J. Williams, The Rebirth of Supersonic Transport, Technology Review, Edited
at the Massachusetts Institute of Technology, February/March 1993.

Russell, P. et al., Advanced Aircraft for Atmospheric Research, AIAA 91, 3162, 1991.

Shaw, R. J., Propulsion Challenges for a 21st Century Economically Viable, Environmentally
Compatible High-Speed Civil Transport, Tenth International Symposium on Air Breathing
Engines, ISABE 91, 7008, 1991.

Stolarski, R. S., and H. L. Wesoky, Eds., The Atmospheric Effects of Stratospheric Aircraft: A
Second Program Report, NASA Reference Publication 1293, NASA, Washington, D.C.,
1993.

Wesoky, H. L., and Prather, M. J., Atmospheric Effects of Stratospheric Aircraft: A Status
Report From NASA's High-Speed Research Program, Tenth International Symposium on Air
Breathing Engines, ISABE 91, 7020, 1991.

WMO, (World Meteorological Organization), Scientific Assessment of Ozone Depletion: 1991,
Global Ozone Research and Monitoring Project, Report No. 25, WMO, Geneva, 1992.

Zhao, J., and R. P. Turco, Particle Nucleation in the Wake of a Jet Aircraft in Stratospheric
Flight, J. Aerosol Sci., submitted for publication, 1992.

23






Chapter 2

Plans for Atmospheric Observations

William H. Brune

Department of Meteorology
Pennsylvania State University
University Park, PA

James G. Anderson
Steven C. Wofsy
Harvard University

James L. Barrilleaux
Max Loewenstein
Leonhard Pfister
Owen B. Toon
Ames Research Center
National Aeronautics and Space
Administration

Anne R. Douglass
Paul A. Newman
Richard B. Rood
Richard S. Stolarski
Goddard Space Flight Center
National Aeronautics and Space
Administration

David W. Fahey
Daniel M. Murphy
Alex Weaver
Aeronomy Laboratory
National Oceanic and Atmospheric
Administration

James R. Holton
University of Washington

™ L\ [
el L 6‘...\., P

Contributors

Harold S. Johnston
University of California, Berkeley

Malcolm K. W. Ko
Jose M. Rodriguez
Nien D. Sze
Atmospheric and Environmental Research,
Inc.

James J. Margitan
Jet Propulsion Laboratory

R. Alan Plumb
Massachusetts Institute of Technology

Michael J. Prather
Darrell W. Toohey
University of California, Irvine

Ellis E. Remsberg
Langley Research Center
National Aeronautics and Space
Administration

Arthur L. Schmeltekopf
Retired, NOAA Aeronomy Laboratory

Douglas R. Worsnop
Aerodyne Research, Inc.

N .
R I I S
LN ALLT DN

PREBCRDING PAGE BLANK NOT FE.MED






INTRODUCTION

To understand how high-speed civil transports might affect the stratosphere, particularly
stratospheric ozone, we must first build an understanding of stratospheric photochemistry and
dynamics that can be used to predict what will happen. Simply put, we need to know where
aircraft exhaust will go and what photochemical transformations will occur. Such an understanding
requires a combination of assessment and process models, laboratory experiments, and
atmospheric measurements.

The Stratospheric Photochemistry, Aerosols and Dynamics Experiment (SPADE) and
Measurements for Assessing the Effects of Stratospheric Aircraft (MAESA) will yield observations
of reactive and long-lived trace gases and their relationships. These observations can contribute to
the assessment of the effects of stratospheric aircraft in two ways:

« They improve our understanding and computer simulations of stratospheric processes.

« They help establish the credibility of the atmospheric models that will be used to assess the
effects of stratospheric aircraft on stratospheric ozone and climate.

The quality of our assessment—the level of the uncertainties that must be part of any
quantitative assessment of future aircraft effects that we report to regulators, legislators, and
decision-makers—depends critically on how well we are able to measure and understand the
current atmosphere.

We already have a number of existing aircraft measurements, particularly information from
Stratosphere-Troposphere Exchange Program (STEP), the Airborne Arcitc Stratospheric
Expedition 11 (AASE II), and various test flights. To these, we will add observations from
SPADE in 1992 and 1993, and from the Airborne Southern Hemisphere Experiment (ASHOE) and
MAESA programs in 1994. In addition to aircraft observations are the existing and future
observations from instruments on the UARS satellite, which provide global coverage but with
poorer spatial resolution and a higher minimum altitude than aircraft, from instruments on large
helium-filled balloons, and from ground-based instruments. Our goal and our challenge is to
combine these measurements with those to be taken from aircraft in 1994 to provide the essential,
basic knowledge of stratospheric processes for the assessment of the atmospheric effects of
stratospheric aircraft (Figurel).

SPADE is being conducted with the ER-2 aircraft from NASA Ames Research Center at
Moffett Field, California. The experiment has two segments: one already completed in October
and November of 1992; another in April-May of 1993. Significant advances in instrumentation
since the AASE II in 1991-1992 will produce significant advances in the scientific observations in
the lower stratosphere at middle latitudes.

The MAESA experiment will use flights of opportunity of the ER-2 that occur for ASHOE,
both the test flights and the transit flights, combined with flights of the remotely-piloted Perseus A
aircraft, and perhaps helium-filled balloons. The number and position of the flights are constrained
by the requirements of ASHOE, the capabilities of the instrument platforms, and the duration of the
HSRP.

SPADE and MAESA will contribute significant new information to our understanding of the
stratosphere for at least five reasons.

« Studies will be made of the diurnal variation of reactive trace gases in nitrogen, hydrogen,
chlorine, and bromine chemical families.
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+ Needed measurements will be made where few have been made before—in the lower
stratosphere, especially at latitudes between 40°N and 40°S.

* Measurements will be made over a range of seasons, from February to October, and in
months when few measurements have been made—in the summer months of the northern
hemisphere.

« New and improved measurement capabilities for reactive and reservoir trace gases, tracers,
and aerosols have been developed—each flight will provide unique observations that can be
obtained no other way.

* A new remotely piloted platform, Perseus A, once operational, should allow controlled
flights to higher altitudes extending upward a subset of these unique observations above
ER-2 altitudes.

ASHOE and MAESA are tightly linked, complementary experiments. The goals of ASHOE
are to understand the stratospheric processes of the polar and middle latitudes; their effects on the
partitioning of the nitrogen, hydrogen, chlorine, and bromine reservoir and reactive species; and
the evolution of the Antarctic polar vortex (Tuck, 1992). The goals of SPADE and MAESA are to
understand stratospheric processes that will be the most influenced by HSCT effluents and to
observe regions and seasons of the stratosphere that are currently severely undersampled. Thus,
SPADE and MAESA are focused on the middle to low latitudes. We recognize, however, that no
one region of the stratosphere operates in isolation from the others, and that we need to consider all
of these observations for the Assessment of the Effects of Stratospheric Aircraft (AESA).

These proposed science objectives and plans for MAESA are the product of many comments
by the contributors to this chapter. However, neither the objectives nor the plans are immutable.
We expect that some of the issues outlined below will become better understood and that new
issues will arise by 1994. This document is intended to continue these discussions.

SCIENTIFIC ISSUES THAT ARE IMPORTANT FOR AESA

The observations during SPADE and MAESA can contribute to the understanding of several
issues important for the AESA. Particularly important is the effect of heterogeneous chemistry on
the roles of reactive nitrogen, hydrogen, chlorine, and bromine in the control of ozone, and way
that HSCTs might alter that effect. Also important is the transport of trace gases both among the
polar, middle latitude, and tropical regions of the stratosphere, and between the stratosphere and
troposphere. These two issues hold the most uncertainty for AESA.

An important tool that has been technologically practical only in the last decade is the
simultaneous observations of several reactive and long-lived species. Recent observations have
shown that long-lived chemical species observed in the lower stratosphere at middle latitudes have
simple relationships with each other (Kelly et al., 1989; Fahey et al., 1990). Thus, these
relationships provide a powerful method to extend measurements from one region to a much larger
scale, to test some chemical transformations, and to assimilate observations from different
platforms into an integrated picture of stratospheric chemical and dynamical processes. Also, these
simple relationships have confirmed the view that rapid, quasi-horizontal transport occurs in the
middle latitudes.

In this section, we consider some questions important for AESA that the observations of
SPADE and MAESA can help to answer. Questions will continue to be raised and resolved during
the next year as more information becomes available from UARS, SPADE, and the analyses of
older observations. The instrumentation for MAESA/ASHOE is best for resolving photochemical
issues, and we give photochemical issues our highest priority. Studies of the most important
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issues in stratospheric transport are difficult with these measurements and they have lower priority
than the photochemical studies. Nonetheless, the aircraft observations most relevant to transport
may be an important part of the overall assessment of this critical issue.

Photochemistry and Aerosols

How do the abundances of chemical species, particularly NO, NO2, HNO3, NOy, CIO,
HCI, BrO, OH, HO3, and their ratios vary from 40°N to 70°S latitude in the lower
stratosphere? How do they vary over a range of altitudes and solar zenith angles? How do
they vary from late spring to mid-summer to late fall? Does the budget of reactive nitrogen
balance? Do the observed ratios of reactive species agree with those calculated for
photochemical steady state?

How do the abundances of these same chemical species vary as a function of aerosol
loading of the lower stratosphere? In particular, we know that the partitioning of chemical
species in the nitrogen, chlorine, and hydrogen families changed with aerosol loading from
the Mt. Pinatubo eruption. How will they change as the aerosol loading slowly decreases
over the next few years?

At what rates do the reactive species in the nitrogen, hydrogen, chlorine, and bromine
chemical families catalytically destroy ozone at latitudes from 40°N to 70°S in the lower
stratosphere during late spring, mid-summer, and late fall?

Do the characteristics of sulfate aerosols vary with temperature in a way that is consistent
with ideas of liquid aerosol growth? Can this observed relationship be used to determine if
the aerosols are liquid or solid?

Transport of Trace Species

How do the abundances and correlations of tracer species, such as N2O, CHa, O3, H20,
CO», condensation nuclei, aerosols, and NOy, vary between the middle latitudes of both
hemispheres and the tropics? How do they vary in different seasons with different
temperature characteristics?

Can relatively undiluted air be found within a few kilometers above the tropopause in the
tropics? In other words, is tropical transport dominated by upwelling, or does significant
mixing occur along surfaces, as in the middle latitudes?

Do these measurements indicate restricted exchange between the tropics and the middle
latitudes? How do such restrictions affect the photochemistry of the tropics and the middle
latitudes?

What is the character of the exchange of trace gases between the stratosphere and
troposphere? Can we improve our understanding by measuring the abundances and
relationships among trace gases?

Other Scientific Issues to Which MAESA Might Contribute

A number of other issues are important for the assessment of the atmospheric effects of
stratospheric aircraft. However, the platforms, instruments, locations, and timing of MAESA may
limit its contribution to our understanding of these issues. We are aware of these issues and will
take advantage of opportunities to combine measurements from MAESA with those from other
sources to address them.
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+ Does heterogeneous chemistry occur on the tropical ice clouds that form in the western
Pacific near the tropopause? Can it affect the photochemistry of either the tropics or the
middle latitudes?

*  Does air from middle latitudes, rich in NOy and HO, pass through the cold regions on the
margins of the tropics? Can subtropical stratospheric clouds (SSCs) with a composition
similar to polar stratospheric clouds (PSCs) form. Does significant heterogeneous
chemistry occur?

* In the tropics, will the tracer abundances and correlations differ during the easterly and
westerly phases of the Quasi-Biennial Oscillation (QBO)? Can this information be
reconciled with satellite observations of volcanic aerosol transport out of the tropics?

INSTRUMENTATION AND PLATFORMS FOR SPADE AND MAESA
ER-2 Platform and Instruments

The instrument payload for the ER-2 has evolved steadily since STEP in 1987. The list of
measurements (Table 1), taken from the experiment plan for ASHOE (Tuck, 1992) shows a wide
array of measurements of long-lived tracers, reservoir and reactive trace gases, aerosols and their
properties, and the atmospheric environment near the aircraft. Those in bold lettering are new since
1991.

In fact, we now have, for the first time, direct measurements of those reactive chemicals in the
four major chemical families—nitrogen, hydrogen, chlorine, and bromine—that control the
abundance of ozone. We now can measure many of the important reservoir species in those
chemical families. We also have for the first time a reasonable measure of the radiation field that
will be useful in constraining the uncertain radiation environment near the aircraft. And we have
new stratospheric tracers, including COg, that will be necessary to understand transport issues.
This ER-2 payload is a significant advance over payloads of just a few years ago.

Perseus Platform and Instruments

Another instrument platform, the Perseus A remotely piloted aircraft, is currently being
designed, constructed, and tested for a September 1993 delivery date from Aurora Flight Sciences
Corporation. Our most immediate need for this aircraft is high-altitude flights in the tropics and
middle latitudes, as will be discussed. In this mode, Perseus A can carry a payload of at least 50
kg for a short duration to an altitude of 25 km, but with only small horizontal coverage of a few
degrees of latitude, limited by the line-of-sight of the radio control. The list of measurements is in
Table 2.

The group of instruments for Perseus presently cannot be flown simultaneously because their
requirements exceed the payload capabilities of the aircraft. In addition, ALIAS II will be
developed for experiments after 1994 and will not be deployed during MAESA. If we assume that
Perseus A, once flown and proven, will be able to carry about 120 kg to 25 km and provide 900
watts of instrument power (which is within the computer-calculated abilities of Perseus), then two
useful payloads can be flown.

* Payload 1 consists of instruments to measure NOy, N2O, and CHy (by Argus), O3,
pressure, and temperature. This configuration is designed for studies of relationships
among long-lived chemical species.

* Payload 2 consists of instruments to measure ClO, BrO, NO, NOy, O3, pressure, and
temperature. This configuration is designed for studies of reactive trace gases and rapid
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photochemistry. NOy and O3 can be used as tracers once their relationships with N2O have
been established with Payload 1.

These two payloads are being designed so that they can be readily interchanged during
deployment. Eventually, a third payload configuration consisting of the full instrument
complement will be possible, and Payloads 1 and 2 are being designed to simplify this eventual
coalescence.

Critical observations of aerosol characteristics, particularly surface area, are missing from the
Perseus payloads. These measurements are crucial if we are to understand the results from
Payload 2, the reactive gas payload. To solve this problem, we will deploy a ground-based lidar
with Perseus to measure the aerosol backscattering, which can be correlated with aerosol surface
area. When Perseus is deployed in the United States at NASA Dryden Flight Research Facility,
the JPL lidar at Table Mountain will be used. In Darwin, the GSFC mobile lidar will be used.
These lidars can measure aerosol backscattering, temperature, and ozone up and through the
altitude range of Perseus. The GSFC lidar will be operated in New Zealand during the early part
of ASHOE/MAESA. These lidar measurements will be made as part of the Network for Detection
of Stratospheric Change (NDSC).

Scientific Balloon Platform and Instruments

In the event that Perseus is not ready for the 1994 mission, we will consider the use of helium-
filled scientific balloons in the 1 to 10 million cubic feet class. The payload would consist of the
Perseus instruments, and instruments that have recently flown on balloons:

ClO and BrO (existing balloon instrument);

NO and NOy (existing balloon instrument);

3 (existing balloon instrument);

N2O and CHy4 (Argus, under construction);

N-20O, CH4, and H>O (ALIAS; under construction):

CFC-11, CFC-113, CFC-12 (needs to be built—could be whole air sampling);
Pressure and temperature (existing balloon instrument).

Scientific flights of the balloon payload would be conducted primarily in the tropics, with earlier
test flights conducted in middle latitudes.

DISCUSSION OF SCIENTIFIC ISSUES AND MEASUREMENT STRATEGIES

In this section, we consider the scientific issues in more detail. We will discuss the importance
of the issue for AESA, and the flight plans that will provide the observations to answer the
question.

Photochemistry and Aerosols

How do the abundances of chemical species, particularly NO, NO;, HNOj;,
NOy, ClO, HCI, BrO, OH, HO;, and their ratios vary from 40°N to 70°S
latitude in the lower stratosphere? How do they vary over a range of altitudes
and solar zenith angles? How do they vary from late spring to mid-summer to
late fall? Does the budget of reactive nitrogen balance? Do the observed
ratios of reactive species agree with those calculated for photochemical steady
state?
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Much of what we learn about stratospheric processes we learn best from observing changes or
differences in trace gas abundances (or ratios of abundances) for differing environmental
conditions.

SPADE is designed to measure changes in reactive trace gas amounts in the middle latitudes in
two seasons — early fall and late spring. Several flights during sunrise and sunset transitions will
provide information about fast photochemical processes. Changes in reactive trace gas amounts
will also be observed over latitudes that span the northern middle latitudes and altitudes from 15 to
20 km.

MAESA is also designed to observe altitude and latitude changes in the middle latitudes, but at
different seasons. A primary component of MAESA, however, is the observations in the lower,
tropical stratosphere, where high quality, simultaneous observations are scarce. The
photochemical environment is radically different from that of the middle to high latitudes. The
sunlight is more intense and constant from season to season, the abundances of reservoir species
are small in the chlorine and nitrogen chemical families, and photochemical production activity is
great. The tropical stratosphere starts with tropospheric air containing little ozone, and thus
production of ozone greatly exceeds loss. This condition is opposite to that in the middle to high
latitudes where descending air brings in large amounts of ozone, and ozone loss exceeds
production. Most of the recent ER-2 observations have been made only at the extra-tropical
latitudes during winter, when the production of ozone is negligible. Thus, tropical measurements
from MAESA can be contrasted with those from middle latitudes. The latitudinal dependencies,
particularly when taken during different seasons, are as powerful a tool for diagnosing
stratospheric processes as the sunrise and sunset transits that are part of SPADE.

Importance to AESA

We must know the climatology of as many members of the nitrogen, hydrogen, chlorine, and
bromine chemical families as possible (Prather and Remsberg, 1992, see page 161). These
measurements over a large range of latitudes, three seasons, and limited range of altitudes will add
significantly to our knowledge of this climatology. Satellite and balloon observations, although
they contribute significantly to the climatologies in their own ways, cannot substitute for the
observations we will get from aircraft.

By making these simultaneous observations over such a large range of conditions, we can
reduce the uncertainty in our understanding of photochemical processes. We can develop a better
understanding of the interaction of the chemical families and of the competition between gas-phase
and heterogeneous processes in partitioning these chemical families. These tests are particularly
important for any processes that increased amounts of reactive nitrogen and water might affect.

An important example is the competition between the hydrolysis of N,Os to remove NO, and
produce HNO3 and the photolysis and reaction with OH to remove HNO3 and produce NO,. The
hydrolysis of N2Os on sulfate aerosols is the reaction NyOs + HyO — 2 HNOj3. This
heterogeneous reaction affects not only the nitrogen family but also those of chlorine and
hydrogen. It indirectly affects the abundances of ClO primarily through the reduction of NOy in
two ways: by shifting the daytime balance of CIONO; and CIO toward ClO, and by enhancing the
abundance of OH through the reduced destruction of OH by NO and increased production by
photolysis of HON3, which then produces more CI by reaction with HCI. This competition should
be highly dependent on latitude and season. The hydrolysis of N2Os is one of the most important
processes dictating the effect that stratospheric aircraft will have on ozone.
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Current Observations and Calculations

The variation of reactive trace gases during sunrise and sunset transitions has now been
observed on several occasions from both balloon (Webster et al., 1990) and aircraft instruments
(Brune et al., 1990; Kawa et al., 1990). The balloon measurements contained a fairly complete set
of measurements in the reactive nitrogen family above 30 km, and observations and model
calculations using gas-phase chemistry are in excellent agreement. The aircraft measurements, on
the other hand, did not have enough simultaneous measurements to demonstrate with small
uncertainty that the partitioning among ClO, NO, and CIONO is completely understood. For
instance, no measurement was made of NO;. Until SPADE, no measurement has been made of the
sunset and sunrise transitions of OH.

The SPADE measurements in November had the potential to observe effects of the hydrolysis
of N»Os on NOy. The darkness of night was long enough that considerable NOy could be
heterogeneously lost to HNO3 and yet PSCs had not yet occurred. However, the results from the
sunrise flight have not yet been fully analyzed.

Aircraft observations in the tropics consist of transit flights for the STEP and AAOE programs
in 1987 and a few earlier observations from Panama. However, the instrument complements for
these two experiments were insufficient to answer the questions that we now pose for MAESA. As
a result, we have an extremely limited data set of reactive trace gas abundances for the tropical
region, and even less seasonal information. These tropical measurements are important for
establishing and testing the current ideas about gas-phase chemistry.

The situation for the northern middle latitudes and the high latitudes in winter and spring is
much better than that for the tropics. We have many measurements that span the middle latitudes
for many of the chemical species, and observations from instruments placed on balloons, the space
shuttle, and satellites contribute to our understanding of the abundances at these latitudes. The
number of aircraft observations in the summer is small however.

Observations of reactive nitrogen and chlorine are inconsistent with models that contain only
gas-phase chemistry. They support an important role for the hydrolysis of N20s in middle
latitudes. Particularly relevant are observations of NO and NOy by Fahey et al. (1993) during
AASE 11, from which the inferred ratio of NOx to NOy is in muc better agreement with models
containing the hydrolysis of N2Os than with those containing only gas-phase chemistry. No
measurements of species in the nitrogen family are in conflict with the concept of hydrolysis of
N2Os.

However, some observations, particularly in the background levels of sulfate aerosol that
existed prior to the Mt. Pinatubo eruption, indicate that the reaction efficiencies measured in the
laboratory may not be the same for the stratospheric sulfate aerosols under all circumstances
(Considine et al., 1992). The LIMS measurements of HNO3 and the seasonal variation of NO2
both agree best with models that contain the hydrolysis of N2Os, but the absolute abundance of
NO; agrees better with models that contain only gas-phase chemistry.

No observations of ClO are in conflict with the concept of hydrolysis of N2Os either. The
persistently enhanced abundance of ClO observed from the ER-2 during AASE 1l is strong indirect
evidence, as are the variations of ClO with latitude, (as shown in Figure 2), season, and aerosol
surface area (King et al., 1991; Avallone et al., 1993; Toohey et al., 1993: Wilson et al,, 1993),
and the CIO/HCI ratio (C. Webster, private communication, 1993).

Aircraft in situ measurements of HCI, which were made for the first time during AASE 11, are

not explained by current model calculations (C. Webster, private communication, 1993). The HCI
abundances observed for ER-2 altitudes at middle to high latitudes in winter were substantially
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lower than predicted by photochemical models, whether they included heterogeneous chemistry or
not. This observation implies that HC] was not the major inorganic chlorine reservoir in the lower
stratosphere.

Three possible causes, if no problem with the ER-2 instrument is uncovered during ongoing
tests, have been suggested for the discrepancies in HCl abundances. First, the representation of
the heterogeneous chemistry in the models is either incomplete or incorrect. Effects due to
temperature, aerosol impurities, aerosol phase, or photochemistry on the reaction rates may not be
properly characterized. A second possibility is that the abundances of OH are substantially different
from model predictions. If the OH abundances are much larger than predicted in these
environments, then the reaction of OH with HC] would reduce the HCI abundances. A third
possibility is that key photolysis rates are in error. New instrumentation for SPADE and MAESA
and comparisons with observations from UARS and ATMOS should tell us if either of the last two
possibilities is the cause.

If we cannot simulate the observations of reactive and reservoir species in the chlorine and
nitrogen families, then we can have no confidence that the photochemistry included in the HSRP
assessment models is complete and accurate. Only more data with tighter constraints on the
possible mechanisms (with more and better simultaneous measurements over a wider range of
conditions), combined with additional laboratory studies of the heterogeneous chemistry and all of
its nuances, can resolve these issues.

Measurement Collection Strategy

The goal is to gather as much data as possible on the abundances of reservoir and reactive
species in the nitrogen, chlorine, and hydrogen chemical families. These measurements must be
made along with tracer, aerosol, and meteorological measurements to put them in an
understandable reference frame. To collect these data, we will need both ER-2 and Perseus flights.
The ER-2 can give us good spatial and seasonal coverage, but over a limited altitude range. The
Perseus can give us fewer simultaneous measurements, but over a greater altitude range at a few
latitudes and seasons.

The ER-2 test flights from ASHOE in February 1994 can be used to resolve questions left over
from SPADE, including possible flights in the moming or evening. These flights will also provide
the opportunity to examine the photochemical state of the middle latitudes in 1994 through the
measurement of trace gases and aerosol abundances. Flights north would reestablish the
measurements from AASE I and AASE 11.

The transit flights will provide data about the seasonal and latitudinal variations of these trace
gases, and hence the photochemistry, because the four transit flights occur in March, June, July,
and October. Each transit will consist of four flights: Ames to Hawaii; a stop-over flight at Hawaii;
Hawaii to Fiji; and Fiji to Christchurch. During these transit flights, the aircraft will be fully
loaded with instruments and fuel, and probably will not be able to exceed a pressure altitude of
64,000 ft (J. Barrilleaux, private communication, 1993), which is roughly equivalent to a potential
temperature of 430-450 K. At these altitudes in the tropics the abundances of reactive trace gases
will be quite low: and the range of useful measurements will be highly restricted. A greater altitude
range, up to roughly 68,000 ft, can be obtained if the aircraft takes off and lands at Hawaii because
it can be loaded with less fuel and still reach alternate landing sites. Thus, to extend the altitude
range of the measurements in the tropics, flights could be made from Hawaii. The tropical region
should be accessible from Hawaii, and if not, the possibility of stop-over flights from Fiji will
need to be examined.

The Perseus A aircraft will also be used to address our concerns about the photochemistry.
Because it can attain an altitude of 25 km, but has limited horizontal range, we will stage it for
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flights from only a few locations. One will be at middle latitudes, probably at Dryden Flight
Research Facility and in conjunction with the ER-2. We have chosen Darwin, Australia as the
tropical deployment site for Perseus and the ground-based lidar. The observations generated from
the limited number of instruments on the Perseus does not supplant the need to cover a greater
altitude range with the ER-2 and its more complete instrument package. It does extend the altitude
range considerably, however, giving us a view of ClO and NO and a tracer to higher altitudes, and
allowing us a better view of the photochemistry in a different environment.

We need the greater altitude capability of Perseus, even with the limited payload, for several
reasons. First, in the tropics, the ER-2 will be able to sample N2O only to about 260 ppbv and
NO,, to a few ppbv. Perseus, on the other hand, will be able to sample N70 to about 200 ppbv
and%\IO to about 6 ppbv. This additional range could be very important for measurements of NO,
NOy, ClO, and BrO.

Second, NOy/N7O is a valuable diagnostic of reactive nitrogen. It measures exactly the
quantity that HS&TS will perturb the most. It has been used to indicate denitrification in the polar
vortices, and displays some interesting differences between hemispheres. Model calculations
(Plumb and Ko, 1992) suggest that NOy/N2O may be about 10% greater in the tropical lower
stratosphere than at middle latitudes. This observable difference may indicate the photodestruction
of NO (and thus NOy) above about 30 km. In addition, NOy/N2O may be affected by the injection
of tropical NOy that is produced by lightning. However, we need a measure of this relationship

over a sufficient range in NO in order to ensure the use of this diagnostic. Perseus provides us
with this range.

Third, the amounts of trace gases change rapidly in the lower stratosphere. From ER-2
altitudes to 25 km, ClO and NOy are calculated to change by a factor of 10, NO by a factor of 2,
and O3 by a factor of 30. These steep gradients result from changes in both trace gases and
photochemical environment.

Specific Measurements

The enhanced instrument capabilities give us the tools to make many measurements that have
never been made before (Figure 3). However, each measurement has an instrumental absolute
uncertainty and a limit to the precision. For most measurements of reactive species, the uncertainty
is 20 to 35%. For most measurements of reservoir species, the uncertainty is 5 to 30%. The
precision of these measurements is generally a few percent for a few minutes (or less) of
integration time. These uncertainties, coupled with the uncertainties in laboratory measurements,
permit test of simple photochemical balances to an uncertainty of 50 to 80% in many cases. The
variation of relationships during sunrise or sunset, or over a range of latitudes or seasons, can be
measured much more accurately. With this uncertainty in mind, we can consider combining
measurements from instruments in a way that tests photochemical and heterogeneous mechanisms
that involve the nitrogen, chlorine, and hydrogen chemical families and the interactions among
them.

Many tests are possible with the ER-2 payload. Four that have a high priority for AESA are:

« balancing the reactive nitrogen budget with measurements of NO, NO7, HNO3, and NOy,
and inferred values for CIONO»>, NO3, and N2Os. (uncertainty: less than a factor of 2);

« the photochemical balance of OH, NO2, and HNO3, and measurements of the photolysis
rate (uncertainty: about 70% in the photolysis rate);

« the photochemical balance of ClO, NOg, and inferred CIONO2 during sunrise and sunset
(uncertainty: about 70% in the photolysis rate);
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» the photochemical balance of OH, HO7, O3, NO, and CO (uncertainty: 10% in the ratio of
OH to HO3, about 50% for the entire balance).

The uncertainties in these tests are estimates. Tests over a range of altitudes and latitudes in
differing photochemical environments will expose inconsistencies in measurements and will reduce
the uncertainties. Other specific studies are listed under other questions.

How do the abundances of these same chemical species vary as a function of
aerosol loading of the lower stratosphere? In particular, we know that the
partitioning of chemical species in the nitrogen, chlorine, and hydrogen
families changed with aerosol loading from the Mt. Pinatubo eruption. How
will these amounts change as the aerosol loading slowly decreases over the
next few years?

Observations of the aerosols injected by volcanoes into the stratosphere suggest that aerosols
have a stratospheric lifetime of 1 to 2 years (WMO, 1991). Thus, SPADE and MAESA are
opportunities to study stratospheric processes in 1994, when the aerosol loading will proabably be
several times lower than in 1992. When these measurements are combined with those taken prior
to the Mt. Pinatubo eruption, we will have observed the effects that different aerosol surface areas
have on the trace gas distributions.

Importance to AESA

The revelation that heterogeneous chemistry on sulfate aerosols was changing the NOy
abundances in the stratosphere has significantly altered the assessment of the impact of high-speed
aircraft on the stratosphere. From the comparison between observations and model results, we
know that heterogeneous chemistry on sulfate aerosols needs to be included in our assessment
models. But questions remain. First, have we accounted correctly for the heterogeneous
processes and do we understand their effects on trace gas abundances? Second, how much of the
detailed heterogeneous mechanism do we need to consider for making the assessment?
Measurements of trace gas abundances that are affected by heterogeneous chemistry and the
variations of those abundances as a result of different aerosol loadings should give us some
indication of the complexity of the problem.

Current Observations and Calculations

As discussed for the first question, we have large uncertainties in the detailed processes that are
occurring on sulfate aerosols in the lower stratosphere. Measurements of NO and NOy during
AASE II show that the observed increase in the sulfate aerosol surface area due to Mt. Pinatubo
resulted in a less-than-proportional reduction in NOy due to the hydrolysis of N2Os (Fahey et al.,
1993). This saturation effect, which occurs because the formation and gas-phase destruction of
N20s is slower than the hydrolysis of N2Os even with background aerosols, apparently reduces
the sensitivity of stratospheric chemistry to the observed variability of stratospheric aerosol
loading. Observations from SPADE in 1993 and from MAESA in 1994 will allow us to plot the
ratios of NOx/NOy and CIO/Cly for several values of sulfate aerosol surface area and to compare
this plot with model results.

The NOx/NOy ratio that was derived from AASE Il observations appears to agree with models
that include hydrolysis of N2Os for the volcanic aerosol; the ratio measured in the background
aerosol appears to be slightly larger than model results (Fahey et al., 1993). The model fits the
observations better if the heterogeneous reaction efficiency is reduced a factor of two. SPADE and
MAESA will provide more observations of NOx/NOy at different aerosol loadings so that this
possible discrepancy can be resolved.
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Measurement Collection Strategies

Relatively few measurements exist for those reactive species that are most affected by
heterogeneous chemistry. As significant, no measurements have been made of NO;, OH, and
HO, in the lower stratosphere where the effects are the greatest. Because the hydrolysis of N2Os
has such a powerful effect on reactive nitrogen photochemistry and the injection of additional NO
by HSCTs, we need to have many more measurements over a wider range on conditions than are
currently available.

The measurement strategy is to collect observations of those species most affected by this
reaction over a range of seasons, latitudes, and altitudes. Measurements toward the Arctic during
the test flights in February 1994 and from New Zealand during ASHOE will augment the existing
measurement set for middle to high latitudes, but at a smaller sulfate aerosol surface area.
Measurements in the tropics will test the assumption that gas-phase chemistry dominates in the
tropics. Measurements to higher altitudes with Perseus will do the same.

Specific Measurements

A test with high priority is the measurement of ratios of species that are most susceptable to
heterogencous chemistry. For the sulfate aerosol surface area that is likely to exist in 1994, the
ratios of HO2/NO7, CIO/HCI, NO4/NOy are all calculated to be several times different from gas-
phase in the middle latitudes (McElroy et al., 1992). Because these ratios can all be measured with
an uncertainty of less than 50%, they will be powerful tests of N2Os hydrolysis.

The decrease in the sulfate aerosol surface area with time permits a good test of the saturation
effect. We already have several measurements of NOx/NOy from 1991 through May 1993 from
AASE II and SPADE, and the surface area has gone from background levels, to 30 times larger
after the Mt. Pinatubo eruption, and is now about 2 to 3 times smaller. In 1994, the surface area
will have decreased even more. The combination of these measurements in middle latitudes for a

number of reactive species over these 3 years will permit us study the trace gas ratios given above
as a function of sulfate aerosol surface area and HNO3 photolysis rate.

At what rates do the reactive species in the nitrogen, hydrogen, chlorine, and
bromine chemical families catalytically destroy ozone at latitudes from 40°N to
70°S in the lower stratosphere during late spring, mid-summer, and late fall?

The primary catalytic destruction mechanisms for ozone in the lower stratosphere include the
reactions:

NO7 + O -5 NO + 0Oy
HO;+ 03 5> O0OH+20;
CIO+0O->Cl+ 0y
03+0-520;

ClO + HO; —» HOClL + Oy

CIO + BrO — Cl+Br+0»
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Except for O atoms, we will be able to measure all the reactants in these rate-limiting reactions for
these ozone-destroying photochemical cycles. We can establish the relative importance of these
cycles and compare relative destruction rates with expectations for computer models.

The inclusion of the hydrolysis of N2Os5 into photochemical models results in a larger role for
the hydrogen-catalysis in the destruction of ozone (McElroy et al., 1992). In fact, these model
calculations suggest that HOy catalysis dominates over NOy catalysis of ozone up to as high as 23
km altitude. Thus, observations of OH and HO7 in the lower stratosphere appear to be essential
for determining the rates of ozone catalysis in the lower stratosphere.

We do not have any simultaneous measurements of all the reactive species in these equations,
but the ER-2 instruments for SPADE and MAESA will significantly improve this situation.
Previously, attempts have been made to infer abundances of reactive species that were not directly
measured. These exercises have been valuable, but do not provide low enough uncertainty to test
our understanding of the ozone destruction rates in middle or low latitudes.

Measurement Collection Strategies

Studies of the catalytic cycles is a high priority for AESA because it is through these cycles that
the HSCT effluents and their photochemical by-products will interact with ozone. The flights
proposed for the other photochemical studies above and for the dynamical studies below will give
us a good look at this issue because we will be measuring these species all the time.

An analysis of uncertainties for the measurements of the trace gases and the rate constants
shows that the rates of each cycle can be determined with an uncertainty of about 50%. The overall
catalytic destruction rate should be only slightly more uncertain. This level of uncertainty, while
not sufficient to eliminate the possiblity of any other unknown catalytic cycles, is nonetheless a
significant advance over present conditions, where lack of measurements of one or more of the key
radicals has prevented any reasonable attempts at determining the ozone destruction rate.

Do the characteristics of sulfate aerosols vary with temperature in a way that is
consistent with ideas of liquid aerosol growth? Can this observed relationship
be used to determine if the aerosols are liquid or solid?

The phase of the stratospheric sulfate acrosols—be it liquid or solid—is important to both the
global heterogeneous chemistry and the nucleation of PSCs in the cold polar regions. If the sulfate
aerosol is liquid, then hydrolysis of N2Ojs is efficient but hydrolysis of CIONO; is relatively
inefficient, except at temperatures below about 205 K. On the other hand, if the sulfate aerosols are
frozen, then the heterogeneous reaction of HCl + CIONO3 is more efficient, mimicking processes
on PSCs. The nucleation of PSCs is thought to occur on frozen sulfate aerosols, so that in the
wintertime polar regions, the phase of the sulfate aerosol may be important to PSC formation.

Importance to AESA

How the introduction of HSCT effluents will affect the stratospheric heterogeneous processes
is currently unknown. However, these effluents are expected to double NOy abundances, increase
H7O and sulfate aerosols by 20-30%. These species are all condensables that can affect the
partitioning of the nitrogen, hydrogen, and chlorine chemical species that control ozone. The
increase in water vapor in particular could increase the occurrence and duration of PSCs. The
presence of accumulations of aircraft-generated sulfate aerosols in corridors that stretch through
cold regions could increase the possibility of heterogeneous processing in the nitrogen and chlorine
chemical families. These issues must be resolved before we can have any assurance that HSCTs
will not cause substantial depletion of stratospheric ozone.
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Particularly important is the phase of the sulfate particles. If they are liquid, then the
hydrolysis of N2Os is relatively fast and the conversion of reservoir chlorine to reactive chlorine is
relatively slow. If they are frozen solid, then the conversion of N2Os to HNOg is realtively slow
but the reaction of HC1 with CIONO; is relatively fast. In addition, the sulfate aerosols must be
frozen to act as good condensation nuclei for the formation of PSCs. Some approaches for
measuring aerosol phase will be attempted during ASHOE/MAESA.

Current Observations and Calculations

No direct stratospheric measurements of the phase of the sulfate aerosol exist. Some
measurements of the change in sulfate aerosol size as a function of temperature suggest that sulfate
aerosols can stay liquid to temperatures as low as 193 K (Dye et al., 1992). The lack of
depolarization in the lidar backscattered light indicates that the most sulfate acrosol particles are
spherical, but they do not necessarily have to be liquid. This issue of aerosol phase remains to be
resolved.

Measurement Collection Strategies

The observations of the change in aerosol characteristics with changes in temperature is an
indirect method to distinguish liquid from solid sulfate aerosol particles. This observation also
provides a test of the laboratory measurements and theoretical calculations for how the liquid
aerosols should change with temperature. Despite the low amounts of water vapor available in the
tropics, the variation in temperature just above the tropical tropopause (see Figure 4) should
provide a test of this relationship between aerosol size and temperature. Observations during
SPADE in May should also provide an opportunity to examine this issue at middle latitudes after
the break-up of the Arctic polar vortex, which in 1993 has experienced substantial low
temperatures.

Transport of Trace Species

The ER-2 and Perseus are better suited for studies of photochemistry than they are for studies
of dynamics. Nonetheless, very limited aircraft observations have had a role in shaping the
discussions about transport within the stratosphere and between the stratosphere and troposphere.
We expect flights during SPADE and MAESA/ASHOE to provide observations that are
complementary to those taken by UARS and that are significant on their own.

How do the abundances and correlations of tracer species, such as N20, CHyg,
03, H,0, CO3, condensation nuclei, aerosols, and NOy, vary between the
middle latitudes of both hemispheres and the tropics? How do they vary in
different seasons with different temperature characteristics?

Can relatively undiluted tropospheric air be found within a few kilometers
above the tropopause in the tropics? In other words, is tropical transport
dominated by upwelling, or does significant mixing occur along surfaces, as
in the middle latitudes?

Do these measurements indicate restricted exchange between the tropics and
the middle latitudes? How do such restrictions affect the photochemistry of
the tropics and the middle latitudes?

What is the character of the exchange of trace gases between the stratosphere

and troposphere? Can we improve our understanding by measuring the
abundances and relationships among trace gases?
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We can learn about dynamical processes, as well as photochemical processes, by observing
changes or differences in trace gas abundances (or ratios of abundances) for different dynamical
environments. For dynamical studies, however, we are most interested in those trace gases that
have lifetimes that are longer than or comparable to the dynamical time constants N2O, CHg,
CFCs, H70, O3 (which is roughly the same as O in the lower stratosphere), CO7, and NOy,.
Analyses of the distributions of trace gas abundances measured during MAESA and other a1rcraft
programs, along with the satellite observations of trace gases and volcanic debris, will help
develop our understanding of how stratospheric transport occurs in the tropical regions.

Because all the issue about transport of trace species have the same importance to AESA and
require the same measurement strategy, we consider them all at once.

Importance to AESA

Knowledge of tropical transport and the exchange between the tropics and the middle latitudes
is important for AESA. We must know what the distribution of aircraft exhaust is likely to be. If
any exhaust emissions that are released in middle latitudes are mixed into the tropics, they might be
lofted to higher altitudes before they descend and enter the troposphere at middle latitudes.
Similarly, emissions released directly in the tropics, currently estimated to be about 25% of the
total emissions, may also be lofted. Once NOy emissions rise to higher altitudes, they have a
longer stratospheric residence time and they pass through a region of the stratosphere where
increased NOy catalytically destroys ozone. In addition, we need to know when and where
transport and exchange might occur and whether it is fairly constant or sporadic. The character of
the transport will affect the distribution of the aircraft exhaust. Thus, the seasonal and quasi-
biennial dynamical effects must be understood.

Current Observations and Calculations

Few measurements of stratospheric tracers exist for the tropics, and simultaneous measure-
ments of tracers are even rarer. Only a few tropical balloon and aircraft measurements of CFCs,
CHy4, and N7O exist too few to derive meaningful correlations. An interesting compilation of
NOy, O3, and the NOy/O3 ratio from STEP and AAOE (Murphy et al., 1992) do exist and point to
the 1mportance of suc% ratios for testing photochemical and dynamical processes (Figure 5). Some
satellite and shuttle measurements exist, with some simultaneous measurements of tracers, but the
increasing uncertainty and poorer horizontal resolution of these measurements degrades the value
of the correlations of the observations.

The concept of correlations among tracer abundances has been used as a test of the occurrence
of PSCs in the polar stratosphere (Fahey et al., 1990) and as a means for initializing process-
oriented computer simulations. An explanation for these observed compact correlation curves is
that rapid mixing occurs on surfaces that slant poleward with respect to isentropic surfaces (Plumb
and Ko, 1992). The question is, then, what do these correlations look like in the tropics, and can
the assessment models, or the 3-D models for that matter, reproduce them? If we examine the
modeled correlations of long-lived species with respect to N2O (Prather and Remsberg, 1992), we
see that the correlation curves for CHa, the CFCs, and NOy are calculated to be relatively compact.
However, they are not perfectly compact for most models For species such as CFC-11 and CClg,
the abundances are predicted to be more than five times lower in the tropics than in middle latitudes
for N2O abundances of 180-250 ppbv (Figure 6). For other species, such as methane and CFC-
12, the variation is predicted to be about 20%. At present, we have no measurements to test these
predictions. '

Two features of correlations of NOy remain to be fully explained. First is the observation that

the NOy-N20O correlation is measured to be slightly different in the two hemisphere at middle to
high latitudes (Fahey et al., 1990). The second is the shape of the latitudinal variation of the ratio
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NOy/O3 (Murphy et al., 1992). This first observation may give us a hint about either the different
sources and sinks of NOy in the two hemispheres and help provide another limit to the transport
time between the two hemispheres across the tropics. The second observation indicates the
presence of a barrier between the middle and tropical latitudes at about 10°-20° in both
hemispheres. These abrupt shifts cannot be simulated by the 2-D models.

The observations that show evidence of restricted exchange between the tropics and the middle
latitudes are the satellite maps of the extinction by the aerosols released by Mt. Pinatubo in June,
1991 (McCormick and Veiga, 1992). However, the NOy/O3 ratio (Murphy et al., 1992), the
abundances of ClO and O3 from one flight (King et al., 1991), and the analyses of potential
vorticity with the ECMWF model at high resolution (Tuck et al., 1992) also show evidence of
restricted exchange.

More observations are required from aircraft, perhaps balloons, and UARS for us to better
understand this issue.

The transport of trace gases between the tropics and middle latitudes appears to vary depending
on the time of the year and the phase of the quasi-biennial oscillation (QBO). Eruptions from two
different tropical volcanoes in 1984 and 1988 occurred during a different phase of the QBO, and
the resultant spread of the volcanic aerosol was dramatically different during the easterly and
westerly phases, as in Figure 7 (Trepte and Hitchman, 1992). When the QBO was easterly below
23 km and westerly above, the aerosol distribution suggested that the air was descending at 25 km,
causing a lateral spread in the air near 23 km. When the QBO was easterly above 23 km and
westerly below, less lateral spreading and more vertical lofting in the tropics occurred. These
satellite observations also suggest that transport between the tropics and middle latitudes is rapid
within a few kilometers of the tropopause. These observations may have implications for the
spread of aircraft exhaust to higher altitudes.

Recent work (Rood et al., 1992; Douglass et al., 1992) using a 3-D assimilation model
suggests that little aircraft exhaust released in the lower stratosphere, even in the tropics, will be
lofted to higher altitudes and that essentially all of it will end up in the troposphere at middle
latitudes. Even though these calculations indicate that the amount of exhaust being lofted to 30 km
altitude is only a few hundredths of a ppbv, this question is so critically important to the
assessment of aircraft effects that additional observations and calculations are required. No large
gradients in trace species are evident in the tropics in the 2-D assessment models. Thus, these
models do not represent correctly some of the important dynamical features of the lower
stratosphere. We must understand the underlying physical processes that create these gradients in
order to evaluate the importance of these failings in the models to the assessment of stratospheric
aircraft effects.

Measurements of CO; on the ER-2 during SPADE in November 1992 and on the DC-8 during
AASE Il indicate that it's variation may be significant for understanding stratospheric-tropospheric
exchange. The November SPADE flights show a clear signature of the annual oscillation of the
tropospheric CO; abundances extending up to 17 km. This result indicates that tropospheric air
can enter the stratosphere from regions other than the energetic convection regions over
Micronesia. Either tropospheric air can enter the stratosphere more globally, or the lower
stratosphere above the tropopause is all connected by rapid quasi-horizontal transport. These two
models predict significantly different behavior for the transport of HSCT effluents.

Measurement Collection Strategy

We need to make as many measurements of tracers from 40°N to 40°S for different seasons,
and if possible, different phases of the QBO. We need the ER-2 to carry instruments to measure a
wide variety of tracers including HO, N2O, O3, NOy, CHa, CO3, condensation nuclei, aerosols
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and their properties, and a number of the CFCs (particularly CFC-11). We will be able to observe
differences in the abundances of trace gases and their correlations over a range of seasons.

However, in the tropics, the ER-2 can fly less than 5 km above the tropopause on the transit
flights. Any greater altitude that can be gained by stop-over flights from Hawaii into the tropics,
projected to be 0.7 km, will allow us to make measurements closer to the altitudes where the
restrictions to exchange seem to exist. They will also allow us to examine tropical correlations
over more substantial ranges in N2O.

Perseus, or balloons, have an important role in the study of tropical dynamics. Measurements
from these platforms permit us to tie together measurements from the ER-2 aircraft and the UARS
satellite because the altitude range of this aircraft bridges those of the other two platforms.

Other Scientific Issues to Which MAESA Might Contribute

Does heterogeneous chemistry occur on the tropical ice clouds that form in the
western Pacific near the tropopause? Can it affect the photochemistry of either
the tropics or the middle latitudes?

The mission plan for MAESA does not contain any attempt to look for or at ice clouds in the
western Pacific. An entirely separate mission must be planned if such a study is thought to be
important. However, it is doubtful that heterogeneous chemistry on these ice clouds can be very
effective at repartitioning the trace gas constituents of the tropical stratosphere. It is also doubtful
that chasing such clouds would yield much, or any, unambiguous information about the processes
(Murphy et al.,, 1992). However, Perseus will be deployed in Darwin in October, and should
encounter some very low temperatures near the tropopause. Any opportunity to sample this cold
air will be taken.

Does air from middle latitudes, rich in NOy and H20, pass through the cold
regions on the margins of the tropics? Can subtropical stratospheric clouds
(SSCs) with a composition similar to polar stratospheric clouds (PSCs) form.
Does significant heterogeneous chemistry occur?

We now understand that if clouds form in the stratosphere, they exert a large nonlinear
perturbation on the photochemistry of a region. Thus, the possibility of tropical stratospheric
clouds, and if they are occurring, the possibility that they will be more frequent and intense with
the addition of aircraft emissions, are good reasons to search for their existence under the aegis of
AESA. The large nonlinear perturbations of increased occurrences of stratospheric clouds could
easily offset any amelioration that heterogeneous chemistry might have on the NOy catalytic cycles
in the lower stratosphere. Observations of a thin layer of a high abundance of ClO at 22°N during
AASE Il in February 1992 may be an indication of subtropical stratospheric cloud formation.

In the tropics, will the tracer abundances and correlations differ during the
easterly and westerly phases of the Quasi-Biennial Oscillation (QBO)? Can
this information be reconciled with satellite observations of volcanic aerosol
transport out of the tropics?

No provisions are being made to look at this interesting phenomenon. The ER-2 can fly only
up to 20 km, which is at least 3 km below the region where restricted exchange between the tropics
and middle latitudes occurs. Because of the uncertainty of the changes in the phase of the QBO, no
plans can be made at this time to even use Perseus, which can sample into the restricted region of
the tropics. The chosen deployment site for Perseus — Darwin, Australia — is at a latitude that
does not experience oscillations from the QBO. This issue will have to wait for future studies.
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COORDINATION WITH OTHER MEASUREMENTS

The measurements from this experiment need to be used in conjunction with measurements
from other systems, primarily helium-filled balloons and satellites such as UARS. The combin-
ation of all the measurements from all the platforms is far more powerful than the individual
measurements for testing the assessment models and providing an improved understanding of
stratospheric processes. Thus, we are actively seeking out possible links with the other sources of
observations.

Intercomparisons of Instruments on Different Platforms During MAESA

The ability to combine observations by different instruments on different platforms (and
perhaps at different times) relies on the intercomparison of those different instruments. An
important feature of MAESA is the intercomparison of these data sources. For tropospheric
measurements, a good method for intercomparing instruments has been to make them sample the
same standard gases on the ground, before they are flown. However, for the stratospheric
measurements, the platforms are as important as the instruments in determining the measured
values, and the platforms and measurement techniques are both remote and in situ. The best inter-
comparison for these is to measure the same trace gases in roughly the same volume of air at
roughly the same time. We will endeavor to perform such intercomparisons whenever and where
ever possible.

Some examples of intercomparisons are:

1. ER-2 and the balloon-borne Mark IV FTIR (G. Toon) measurements of O3, NOy CHg,
N>O, H20, some CFCs, HCI, HNO3, and NO7 during May, 1993 (SPADE);

2. ER-2, Perseus, and UARS measurements of O3, NO, H»O, CHy4, HCI (but not Perseus),
CIO, and NOy (not UARS) during February and July 1994;

3. Perseus and UARS measurements of O3, NO, H20, CHyg, and CIO in the tropics during
QOctober 1994,

A number of intercomparisons between UARS and balloon-borne instruments have already
been made as part of the UARS Correlative Measurements program. Such intercomparisons can
only reduce the uncertainty in our total observational data set.

The UARS Satellite Instruments

By early 1994, the UARS satellite will have been operational for about 2 years. Unfortunately,
by that time, both the ISAMS and CLAES infrared instruments will have quit working and no
observations will be available for N»O, HNO3, CFC-11, and CFC-12. We will need to relate the
observations of these species during 1992 to those made by instruments on the ER-2 and Perseus
in 1994. Comparisons of the measurements by the UARS and ER-2 instruments during SPADE
must be made whenever possible in order to bridge this gap in time.

The HALOE and MLS instruments on UARS may (presumably) still be operating in 1994,
Measurements include those for: O3, NO, NO»,, H20, CH4, ClO, and HCI. This observational
data set includes radicals, reservoir species, and tracers.

The global observations over several seasons are more easily compared to assessment model

results than in situ observations are. For this reason, such observations are preferred by
assessment modelers, even though satellite observations tend to have lower accuracy and altitude
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resolution in the lower stratosphere than in situ observations do. One of our goals is to learn to
best use these two types of observations.

MAESA EXPERIMENT PLAN

MAESA will consist of two components: ER-2 flights associated with ASHOE and Perseus A
(or helium-filled balloon) flights.

ER-2 Flights
Flights will be out of four locations:

1. Moffett Field, California (37°N, 122° W);

2. Barber's Point NAS, Hawaii (20°N, 155°W);
3. Nadi Airport, Fiji (17°S, 179°E);

4. Christchurch, New Zealand (44°S, 172°E).

Flights will consist of:

1. One to three test flights out of Moffett Field in mid-February; The flights will be planned
later, after SPADE.

2. Four transits (3 legs) between Moffett Field and Christchurch; The estimated flight path is
shown in Figure 8.

3. A stop-over flight from either Hawaii or Fiji during each transit: The purpose of these
flights, which may be only a few hours long, is to attain measurements at higher altitudes
in the tropics than are possible on the transit legs.

4. One flight north from Christchurch during each of the four phases of ASHOE, to be made
as flights of opportunity. These flights will define the trace gas distributions in the southern
middle latitudes — just as the flights south from Bangor did during AASE II.

The estimated flight times for the transit flight legs are (J. Barrilleaux, private communication,
1993):

1. Moffett Field to Barber's Point: 6 hrs
2. Barber's Point to Nadi: 7.5 hrs
3. Nadi to Christchurch: 4.5 hrs

Because of the stop-over flight on each transit, the total number of days for a transit will be 8.
Thus, the total number of days devoted to HSRP that are not required by ASHOE is 8, two for
each transit.

Facilities

Hangar facilities are available for all the sites. Laboratory space for the ER-2 instruments is
being developed at Moffett Field and at Christchurch. Hangar space only will be provided for the
Hawaii and Fiji transit stops, even though a stop-over flight will occur on each of the four transits
between Moffett Field and Christchurch. The scientists' activities will thus be limited to
maintenance and preparation of the instruments for either the stop-over or the transit flight. Go-no-
go criteria for the transit flights will be developed with the Pls prior to 1994,
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Perseus A

A wopical deployment of Perseus is planned for October and early November from Darwin,
Australia. The change in the temperatures at the tropical tropopause and the southward movement
of the ITCZ toward Darwin are the greatest during this period. Thus, observations over this 5-
week period permits sampling of a wide cross section of the tropical lower stratosphere from one
site.

Perseus will be deployed in middle latitudes at Dryden to coincide with flights of the ER-2 out
of Moffett Field. These deployments will be in mid-February at the same time as the ER-2 test
flights from ASHOE/MAESA and in July at the same time as the short test flight and departure of
the ER-2 for Hawaii.

Flights will consist of:

1. Four flights (two of each payload) from Dryden in mid-February (these will be
engineering/science flights);

2. Four flights (two of each payload) from Dryden in mid-July;

3. Ten to fifteen flights from Darwin, Australia.

Because Perseus A must remain in radio contact with the control station, it can cover only
about 2 degrees of latitude from the launch site. Perseus operations will thus be conducted as if 1t
were a balloon platform, and flights will consist of a scan up to 25 km and back. This simplified
flight planning in the tropics results from the expected homogeneity of the trace gas distributions
over the 2 degrees of latitude that can be covered by Perseus; by the lack of a good observational
meteorological network to guide the meteorological forecasts accurately; and by the need to keep
operations simple for the new Perseus platform and new instruments on a foreign deployment.

Some flight planning considerations for Perseus flights in the tropics are:

1. weather conditions, primarily lack of extensive convective activity;
2. low temperatures at the tropopause, as determined by radiosondes and lidar;
3. types of stratospheric airmasses that are forecast to move into the range of Perseus.

The flights at middle latitudes will also consist only of vertical scans to 25 km altitude.
However, the flight planning considerations will include:

1. coincidences with ER-2 flight paths;
2. operational constraints such as wind and poor weather;
3. types of stratospheric airmasses that are forecast to move into the range of Perseus.

Sites and Facilities

These criteria for the tropical deployment of Perseus are met by the site at Darwin, Australia. It
was the location of the STEP mission in 1987, and is known to have good facilities. Furthermore,
convective storms that could endanger Perseus can be tracked by the excellent radar facility there.
The facilities at Dryden should meet the needs of the aircraft and the investigators for the two
deployments in middle latitudes.

The Helium-Filled Balloon Option
If for some reason the Perseus aircraft or its key instruments are not ready for deployment in

1994, then helium-filled balloons will have to be used for the platforms for the higher altitude
measurements. We will not know if this option is necessary until after the Perseus test flights in
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mid-to-late 1993. Thus, we will pursue any details of the planning until after these test flights.
However, we have some preliminary ideas about deployment.

The flights will consist of:

1. two flights (one engineering, the second science) from Ft. Sumner, New Mexico in July;
2. two flights from Caico, Brazil in October.

Sites and Facilities

Complete balloon and laboratory facilities already exist in Ft. Sumner, New Mexico. The site
in Brazil was to be used for UARS correlative measurements balloon flights in March 1993, but
this activity was canceled. The personnel from the National Scientific Balloon Facility have
examined this site, however, and could develop it if necessary.

MAESA PRELIMINARY FLIGHT SCHEDULE

The preliminary flight schedule for the ER-2 and Perseus components of MAESA are given in
the MAESA Timetable. The timing of the ER-2 flights are fixed by the requirements of ASHOE.
The timing of the Perseus component is dependent on the coincidences with the ER-2 flights and
the stratospheric conditions in October in Darwin. An expanded calendar for ASHOE/MAESA is
given in Appendix A.

Meteorological Support
ER-2

The timing of the transit flights is dictated by the requirements of ASHOE, and the flight plans,
maximum altitude cruise climbs, are dictated by the requirements of flight operations.
Meteorological support for these flights is in the form of satellite imagery, trajectories, and other
dynamical and meteorological analyses. Flight planning capabilities, similar to those provided by
Goddard Space Flight Center during the AASE II mission, will be required for the test flights from
Ames and the flights out of Hawaii or Fiji.

Perseus

The required meteorological support for Perseus is similar to that for the ER-2, only perhaps
not quite as extensive.

Additional Meteorological Support

The need for additional radiosonde launches must be assessed, particularly for the tropical
flights of all the platforms where observational meteorological data will be otherwise scarce.
Additional sondes may be necessary for flight planning for the ER-2 flying north out of
Christchurch and out of Hawaii or Fiji. Otherwise, they may be necessary for the analyses of the
meteorological conditions that will be required for all the flights. They may also be necessary for
the flight planning and meteorological analyses for either Perseus or balloons in the tropics.

Data Reduction and Submission to the Archives
Traditionally, the data submission protocol has been relaxed for transit flights to the polar

missions. On occasion, data from these flights have not been submitted to the archives until well
after the mission was completed. However, for ASHOE and MAESA, the data taken on the transit
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flights may be important for planning the flight north from Christchurch or for planning the
stopover flight in Hawaii or Fiji.

Thus, a plan for submission of data to the archives needs to be developed by the principal
investigators. The most reasonable possibility is the submission of transit flight data to the
archives within a week of arrival at either Christchurch or Moffett Field. Although no immediate
action is required on this subject, it needs some careful thought.

We see no need to have real-time data transmission capabilities from the Perseus or balloon
sites of this program to either Moffett Field or Christchurch. Data from Perseus or from balloon
flights would be submitted to the archives on the same schedule as is developed for the ER-2.
Thus, Perseus Pls should be involved in the discussions on data submission protocol.

Science Team

For the most part, the science team for ASHOE should also be the science team for MAESA.
However, the HSRP program has some special, pressing requirements that will require additional
analytical capabilities on site. First, the AESA assessment is mandated for early 1995. Data from
MAESA must be analyzed, understood, and incorporated into the assessment models, which then
must be run in a very short time. It is therefore important that at least one member of the AESA
assessment team be present during all of MAESA and ASHOE to act as the eyes and ears of this
community. At the appropriate time after the flights (as determined by the science team), this
person can then help speed the assimilation of these data sets by the other groups involved in the
assessment process. Very likely, more process-oriented models will be required for analysis of the
data and the improvement of the assessment models. These scientists who use such models may
also be required to be present in the field. Second, the MAESA mission may also need modeling
capability associated with the Perseus or balloon part of the mission. However, it is not clear that
such capability must be present with Perseus or the balloons. Instead, Perseus or balloon data
should be submitted within the agreed time limits to the main archives for dissemination to the
MAESA and ASHOE participants.
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Table 1.

Measurements from the ER-2

Measurement Principal Investigator
Reactive Species NO Fahey (NOAA/AL)

NO, - Webster (JPL); Fahey (NOAA/AL)

ClO and BrO Anderson and Stimpfle (Harvard)

OH and HO, Anderson and Wennberg (Harvard)
Reservoir Species NOy Fahey (NOAA/AL)

HNOj Webster (JPL)

HCI Webster (JPL)
Tracer Species O3 Proffitt (NOAA/AL-CIRES)

H,O Kelly (NOAA/AL)

NyO Loewensiein (NASA/Ames), Webster

(JPL), Elkins (CMDL)

CHy Webster (JPL)

CFC11, 113, 12, Elkins (NOAA/CMDL)

HCFC22

CO,y Boering (Harvard)

condensation nuclei Wilson (U. Denver)

acrosols (PCAS) Wilson (U. Denver)

aerosols (FSSP) Dye, Baumgardner (NCAR)

acrosols (impactor) Pueschel (NASA Ames)
Environment pressure Chan (NASA Ames)

temperature Chan (NASA Ames)

winds Chan (NASA Ames)

temperature profile Gary (JPL)

UV  flux McElroy (AES, Canada)
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Table 2. Measurements from Perseus A

Measurement Investigator Weight Power

(kg) (watts)
ClO, BrO, 03, P, & T Anderson 48 600
NO and NOy Wofsy 35 350
N»2O and CHy Loewenstein (Argus) 20 100
N»O, CHy, & HO Webster (ALIAS II) 30 200
Telemetry & data system 6 50
Parachute 15 0

Table 3. A Proposed Timetable for MAESA/ASHOE

Deployment Dates in 1994 Location/Path Durations/# of Flights
ER-2

Test flights mid-February -- TBD Moffett Field 14 days/ 3 flights
MAESA 1 20 - 28 March Moffett Field to Christchurch 9 days / 4 flights
ASHOE 1 29 March - 12 April Christchurch 15 days / 3 - 5 flights
ASHOE 2 24 May - 6 June Christchurch 14 days / 3 - 5 flights
MAESA 2 8 - 13 June Christchurch 1o Moffeut Field 7 days / 4 flights
MAESA 3 16 - 24 July Moffett Field to Christchurch 9 days / 4 flights
ASHOE 3 25 July - 8 August Christchurch 15 days / 3 - 5 flights
ASHOE 4 8 - 22 October Christchurch 15 days / 3 - 5 flights
MAESA 4 24 - 29 October Christchurch to Moffett Field 7 days / 4 flights
Totals 105 days / 35 flights
Perseus A

Test flights mid - February -- TBD Dryden 14 days / 4 - 6 flights
Midlatitude 8 - 22 July Dryden 14 days / 4 - 6 flights
Tropical 1 October - 5 November Darwin, Australia 36 days /12-15 flights
Totals 64 days / 24 flights
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Figure 1. Schematic of the spatial coverage of the stratosphere provided by MAESA and ASHOE in
1994. The wedge-shaped box is covered by the ER-2; the two vertical boxes by Perseus or balloons.
Striped boxes show the approximate locations of measurements from STEP, AAOE, AASE | & iI, SPADE,
and balloons. The shaded area indicates measurements from UARS -- the bottom is jagged to indicate the
uncertainty in the lower attitude limits for the UARS instruments.
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Figure 3. A schematic of stratospheric photochemistry, showing the links among the oxygen, nitrogen,
halogen, and hydrogen chemical families. ER-2 instruments can measure the chemical species shown in
bold print. These measurements enable the study of the photochemical processes that are shown with
bold arrows. The central, dotted area indicates heterogeneous chemistry. The highlighted ellipse
indicates the importance of the nitrogen family in assessing the effects of HSCTs.
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ATMOS observations (diamonds) are added for comparison. Model results come from Solomon and
Garcia and Ko et al. (Murphy et al., 1993)
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Figure 6. Comparison of observed correlation plot for NoO and CFCl3 (solid lines) with the results from
four 2-D assessment models. The upper solid line is the fit to the ACATS measurements from AASE Il and
the lower solid line is the fit from all observations. Note the large modeled differences in the correlation at
low latitudes and at the middle to high latitudes. (Remsberg and Prather, 1992).
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Appendix A
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The report of the Emissions Scenarios Committee is divided into four parts to reflect the
significant accomplishments during the last year in developing the database for the 1990 and
20135 fleet emissions scenarios for the 1993 HSRP/AESA Interim Assessment. Subchapter 3-1
provides an overview of the scenarios developed and reviews the basic methodology and
requirements for preparation of the database. Subchapter 3-2 describes the model and scenarios
database development at Boeing Commercial Airplane Group. Subchapter 3-3 similarly
describes the model and scenarios database development at McDonnell Douglas. Subchapter 3—
4 describes the combined scenarios database, describes validation studies and consistency checks
on the database, evaluates the strengths and weaknesses in the database developed, and describes
future needs.
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INTRODUCTION

Analyses of scenarios of past and possible future emissions are an important aspect of
assessing the potential environmental effects from aircraft, including the proposed high-speed
civil transports (HSCTs). The development of a detailed three-dimensional database that
accurately represents the integration of all aircraft emissions along realistic flight paths for such
scenarios requires complex computational modeling capabilities. Within the NASA High-Speed
Research Program, the Emissions Scenarios Committee provides a forum for identifying the
required scenarios and evaluating the resulting database being developed with the advanced
emissions modeling capabilities at the Boeing Company and McDonnell Douglas Corporation.
This chapter describes the scenarios and resulting database that have been developed for the 1993
NASA HSRP interim assessment.

1993 INTERIM ASSESSMENT SCENARIOS

It is premature to base scenarios on actual HSCT aircraft designs, as such designs are only in
conceptual stages. However, the goal in the scenario development was to represent flight
patterns and aircraft specifications as realistically as possible. Prior scenario databases for
aircraft emissions have greatly simplified the emissions from aircraft. For example, the earlier
scenarios evaluated by Boeing (1990) determined emissions at cruise altitudes only.

The scenarios developed for the 1993 interim assessment are described in Table 3-1.1. Fuel
burned and emissions of nitrogen oxides (NOy), hydrocarbons (HC), and carbon monoxide (CO)
were to be developed for fleets of subsonic aircraft operating in 1990 and 2015, and for assumed
fleets of HSCTs in 2015 flying at either Mach 1.6, 2.0, or 2.4. From the fuel burned, emissions
of water vapor and carbon dioxide can also be determined. The subsonic scenarios evaluate the
fuel burned and emissions for scheduled airliner (jet aircraft), scheduled cargo, scheduled
turboprop, military, charter, and nonscheduled air traffic.

It was necessary to limit the scenarios evaluated to those shown in Table 3-1.1 because of the
time required to develop the databases in a timely manner. All but the Mach 2.0 scenarios (H
and I) have been completed and are described here. Although not directly relevant to evaluating
HSCTs, the 1990 emissions database does provide a relative basis for evaluating the future
environmental effects from fleets of these aircraft.

Individual components of the HSRP aircraft emissions database were developed by the
Boeing Commercial Airplane Group and the McDonnell Douglas Corporation (MDC). Boeing
was responsible for evaluating the scheduled (Official Airline Guide) airline, cargo, and
turboprop emissions for the 1990 and 2015 subsonic fleets and for the Mach 2.4 and Mach 2.0
HSCT emissions. McDonnell Douglas was responsible for the military, charter, and
nonscheduled (non-OAG flights within Russia and China) emissions for the 1990 and 2015
subsonic fleets and for the Mach 1.6 HSCT emissions.

Two versions of the 2015 subsonic emissions were developed. Scenario B is the 2015
subsonic case assuming there to be no HSCT fleet. A modified 2015 subsonic case was
developed to reflect the reduced number of subsonic flights when HSCTs are included in the
scenarios. The modified subsonic emissions were used in all of the scenarios that include
HSCTs. At the request of the assessment modeling group, a special Mach 2.4, EI=45, scenario
was developed in which the HSCT component was obtained from the Mach 2.4, El=15, HSCT
data set by multiplying NOx emissions by a factor of three. This Scenario G was developed to
examine the outer envelope of aircraft emissions effects on ozone.
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REQUIREMENTS AND METHODOLOGY

The previous NASA HSRP Program reports (Wuebbles, et al., 1992, 1993) describe the
guidelines and basic methodology used in the scenarios developed for the 1993 assessment. The
guidelines developed for the emissions database recommend that it be properly documented,
publicly available, continuous in space and time, open ended, flexible, and well scrutinized.

In order to generate the emissions for each scenario, it is necessary to account for the aircraft
performance, engine characteristics, and marketing forecasts (traffic projections, flight
frequencies, city-pairs, routing). For example, the flight altitude of an HSCT will vary with its
cruise Mach number, increasing with higher speeds. The cruise altitude will also increase during
the flight as fuel is burned and the aircraft becomes lighter.

Total Passenger Demand

Passenger demand, which forms the basis of the year 2015 route system emissions analysis,
was projected by Boeing and McDonnell Douglas. Data regarding growth rate forecasts were
exchanged, and a single growth scenario was devised which resulted in a common forecast for
passenger demand. Both companies produce passenger demand projections as part of normal
business activity. These projections were used as each company's submittal to create the
common forecast.

After exchanging forecast growth rate data, Boeing and McDonnell Douglas agreed that a
simple averaging of growth rates by regional market would suffice to create a common forecast.
Table 3-1.2 shows the McDonnell Douglas forecast (McDonnell Douglas, 1992), the Boeing
forecast (from Boeing, 1992), and the common forecast used in the analysis.

Projected passenger demand, which for 2015 is shown in Figure 3-1.1, with daily passengers
and the percent of total passenger demand for each region shown separately. The North
America-Asia and North America-Europe markets dominate.

The HSCT demand network was developed using the following ground rules:

no more than 50% over land routing;

flight distance greater than 2000 nautical miles;

no supersonic flight over land;

flight paths could be altered using waypoints to avoid flying over land but with no more
than 20% diversion from great circle routing;

« great circle paths used between waypoints.

Based on these criteria, McDonnell Douglas and Boeing both produced a set of candidate
city-pairs and route paths. After much negotiation and several iterations, a single set of city-pairs
and flight frequencies was agreed upon which met the criteria described above and met the
further requirement that the HSCT route system and market penetration as devised, would need
about 500 Mach 2.4 HSCTs with 300 seat capacity to meet the passenger demand.

The passenger demand estimate for the year 2015 was partitioned between the different city-
pairs to create a single universal airline network. Flights were scheduled to satisfy local airport
curfews. The HSCT network was then developed as follows:

» Equal penetration assumed in all markets.

+ City-pairs unable to support at least one HSCT flight per day with at least 70% of load
capacity in 2015 were allocated to the subsonic fleet and dropped from the HSCT
network.
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« HSCT aircraft were then allocated to maximize the utilization of 500 Mach 2.4 HSCTs.
» One hour through times (flights with refueling stops) and 1.5 hour turnaround times were
assumed.

The results are summarized for different HSCTs and for the subsonic aircraft they replace in
Table 3-1.3. The higher speed aircraft would be able to fly more trips and thereby carry more
people per day. A larger number of HSCT’s would be required for slower aircraft to meet the
same passenger demand. The HSCT fleet would carry 387,000 people/day, with an average load
factor of 70%. The average stage length was 3400 nautical miles with an average diversion from
great circle routing of 4.2%. Based on these assumptions of high utilization, the HSCT would
achieve a market penetration of 48% on these routes. These high utilization rates are consistent
with the scheduling guidelines; they probably represent an upper limit utilization for 500 Mach
2.4 HSCTs.

These calculations result in a Mach 2.4 HSCT flying 16.3 hours/day, while a Mach 1.6 HSCT
would be used, on average, about 17.2 hours per day. While 500 Mach 2.4 aircraft are required
to meet this utilization, the Mach 1.6 HSCT would require 594 aircraft to meet the same
passenger demand. The average fleet utilization would likely be lower than this as additional
aircraft would be needed for spares, replacement aircraft during periodic maintenance, etc.

The HSCT emissions study departure network is tabulated in Table 3-1.4 and graphically
depicted in Figure 3-1.2. The table lists origin, destination, and "via" cities (refueling stops
required when the origin-destination distance is greater than the 5000 nautical mile nominal
range for the HSCT designs now contemplated). Also listed are flights per day and great circle
paths and flight-path distances between cities. Since it was assumed for this study that
supersonic flight over land will be prohibited, the flight path distances are greater than the great
circle paths due to the routings that have been defined to minimize subsonic overland flight.
This resulted in HSCT service between 199 city-pairs. Because some HSCT flights are routed
through the same cities, 386 mission profiles were calculated to fly this network.

Flight Profiles

Actual flight profiles between city-pairs were used to distribute emissions during takeoff,
subsonic and supersonic climb and cruise, and descent. Based on these mission profiles, the fuel
burned and emissions were then calculated onto the database grid. Generic examples of HSCT
flight profiles were given in the Second Program Report (Wuebbles et al., 1992b). Two missions
which are representative of the way in which an actual HSCT would be flown are shown in
Figures 3-1.3 and 3-1.4. The simplest mission (Figure 3-1.3) is a flight almost exclusively over
water, such as Los Angeles to Tokyo. The HSCT would take off and climb subsonically and
then supersonically to a supersonic cruise altitude. It would then fly at supersonic cruise at the
optimum altitude determined by its gross weight. As it approached Tokyo, it would descend and
land. The cumulative fraction of the total NOx emissions is plotted on the right axis. The plot
illustrates that about 40% of the NOy emissions would occur during takeoff, climb, and
supersonic climb.

A more complicated but still common mission is a flight in which one leg would be flown
subsonically over land. This is illustrated in Figure 3-1.4 by the flight from Seattle to London.
The HSCT would take off and climb to subsonic cruise altitudes. It would then cruise at
subsonic speeds until reaching Hudson Bay where it would begin to climb supersonically. It
would then cruise at supersonic speeds (altitude determined by the optimum performance) until
descending near London. A substantial amount of the NOy emissions would occur during the
subsonic climb, subsonic cruise, and supersonic climb.
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A still more complicated mission, which was included in the calculations but not shown
graphically, is a flight in which the aircraft might descend and climb several times to avoid flying
supersonically over land. An example would be Madrid, Spain, to Mexico City. In this case,
the HSCT would fly subsonically over Spain, supersonically over the Atlantic, subsonically over
Florida, supersonically over the Gulf of Mexico, and then subsonically inland over Mexico.
Because of the extensive fuel required for supersonic climb, such flight profiles were kept to a
minimum in the scenario development.

Other Considerations

An analysis of the potential importance of considering seasonal variations in emissions by
MDC indicated that emissions from commercial jet flights from 1976-1991 show very strong
variations in the subsonic traffic with season (see Wuebbles et al., 1993). However, the HSCT
fleets may be more dependent on business traffic and therefore less seasonal. Although the effect
of seasonality still needs to be evaluated, there was insufficient time to do further analysis for the
Interim Assessment and the effects of seasonality are not included in the database developed for
any of the scenarios.

OVERVIEW OF EMISSIONS CALCULATION

Once a schedule of city-pairs and departures has been determined, the next step in the
development of the scenario data set is to use aircraft/engine performance and emissions data to
calculate the fuel use and emissions as a function of altitude and location. For each mission, fuel
consumption and emissions are calculated including all the flight segments (taxi out, takeoff,
climb, cruise, descent, landing, taxi in), distributing the emissions as a function of space along
the route between city-pairs. The emissions are then combined for all flights into the resulting
three-dimensional database. The details of the calculations are described in Subchapters 3-2 and
3-3 which follow this section. Summary results are presented in Subchapter 3-4.
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Table 3-1.1. Emissions Scenarios Developed for the 1993 Assessment (Components
of Each Scenario are Also Shown)

Scenario

Components of Scenario

A

1990 Fleet

2015 Subsonic Fleet
(without HSCTs)

2015 Mach 1.6 HSCT
(EI=5)*

2015 Mach 1.6 HSCT
(EI=15)*

2015 Mach 2.4 HSCT
(EI=5)*

2015 Mach 2.4 HSCT
(EI=15)*

2015 Mach 2.4 HSCT
(EI=45)"

2015 Mach 2.0 HSCT
(EI=5)*

2015 Mach 2.0 HSCT
(EI=15)"

Scheduled (OAG) airline, cargo, and turboprop; charter;
military; and other (non-OAG, including internal former
Soviet Union, China)

Scheduled (OAG) airline, cargo, and turboprop; charter;
military; and other (non-OAG, including internal former
Soviet Union, China)

2015 subsonic (scenario B with scheduled airlines revised
to account for HSCTs; Mach 1.6 HSCT with EI=5

2015 subsonic (scenario B with scheduled airlines revised
to account for HSCTs; Mach 1.6 HSCT with EI=15

2015 subsonic (scenario B with scheduled airlines revised
to account for HSCTs; Mach 2.4 HSCT with EI=5

2015 subsonic (scenario B with scheduled airlines revised
to account for HSCTs; Mach 2.4 HSCT with EI=15

2015 subsonic (scenario B with scheduled airlines revised
to account for HSCTs; Mach 2.4 HSCT with EI=45

2015 subsonic (scenario B with scheduled airlines revised
to account for HSCTs; Mach 2.0 HSCT with EI=5

2015 subsonic (scenario B with scheduled airlines revised
to account for HSCTs; Mach 2.0 HSCT with EI=15

*Scheduled subsonic fleet emissions are revised to account for flights from HSCTs. Also, NOy Emission Index (El, in

grams of NO, as NO, emitted per kg of fuel) are approximate and refer to the nominal emission levels at cruise
attitudes for the HSCT fleet in the scenarios; El for subsonics will be different for each projected aircraft type.
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Table 3-1.2. Growth Rates in Scheduled Passenger Demand Determined by Boeing
and McDonnell Douglas

Emission Study Scheduled Passenger Demand Growth Rates

Passenger Demand Growth Rate Percentage

McDonnell-
Douglas Boeing "Common" Rates*
From (Year) 1990 1990 2000 2005 1990 2000 2005 2010
To (Year) 2000 2000 2005 2010 2000 2005 2010 2015
Region:

North America - Europe 5.00 5.10 4.30 4.20 5.00 4.20 4.10 4.00
North America - Asia 11.70 8.50 7.40 7.20 10.10 8.80 8.60 8.00
North America - Latin 6.60 6.50 5.00 5.00 6.60 5.105.10 5.00
America

Europe - Asia 8.40 8.80 7.80 7.30 8.60 7.60 7.10 7.00
Intra Asia 10.70 8.10 7.20 7.00 9.40 8.40 8.10 8.00

*Common rates refer to the commonly agreed upon passenger demand developed jointly by Boeing and McDonnell
Douglas.

Table 3-1.3. HSCT Network Analysis

Mach Number

0.84 1.6 2.0 24
Passengers/Day 386,224 386,778 386,778 386,778
Seats 300 300 300 300
Load Factor (%) 69.6 70.0 70.0 70.0
Units Required 961 594 532 500
Daily Utilization (hours) 17.0 17.2 16.6 16.3
ASM/Year (Billions) 809.6 830.8 830.8 830.8
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Table 3-1.4. Emission Network City-pairs and Daily Frequencies for Year 2015
Demand, Assuming 500 Unit Fleet of 300 Seat Mach=2.4 HSCTs

Flights/  GC Path Flightsy  GC Path
City-Pairs Served day Dist Dist City-Pairs Served day Dist Dist
Org Via Des Org Via Des
AKL MNL HKG 2 4937 5022 AMS NYC 5 3155 3248
HKG MNL  AKL 2 4937 5022 NYC AMS 5 3155 3248
AKL HNL 12 3826 3827 AMS BAH SIN 2 5669 6573
HNL AKL 12 3826 3827 SIN BAH AMS 2 5669 6573
AKL HNL  LAX 9 5659 6044 AMS HEL TYO 1 5028 5579
LAX HNL  AKL 9 5659 6044 TYO HEL AMS 1 5028 5579
AKL PPT 1 2209 2210 AMS YMQ 1 2972 3349
PPT AKL 1 2209 2210 YMQ AMS 1 2972 3349
AKL SIN 3 4541 4838 AMS YYZ 2 3232 3519
SIN AKL 3 4541 4838 YYZ AMS 2 3232 3519
AKL TYO 5 4768 4769 ANC HKG 1 4397 4947
TYO AKL 5 4768 4769 HKG ANC ] 4397 4947
AMS ATL 2 3812 4002 ANC LON 1 3885 4011
ATL AMS 2 3812 4002 LON ANC 1 3885 4011
AMS BOS 1 2993 3133 ANC PAR 1 4057 4155
BOS AMS 1 2993 3133 PAR ANC 1 4057 4155
AMS CCs 1 4230 4232 ANC TPE 2 4057 4234
CCS AMS ] 4230 4232 TPE ANC 2 4057 4234
AMS CHI i 3567 3876 ANC TYO 8 2975 3045
CHI AMS 1 3567 3876 TYO ANC 8 2975 3045
AMS DFW 1 4262 4630 ATH NYC 1 4274 4318
DFW AMS 1 4262 4630 NYC ATH 1 4274 4318
AMS  YYC LAX 2 4832 5158 ATH  BAH SIN 1 4885 5654
LAX YYC AMS 2 4832 5158 SIN BAH ATH 1 4885 5654
AMS MSP 1 3607 4106 ATL FRA 5 3997 4215
MSP AMS 1 3607 4106 FRA ATL 5 3997 4215
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Table 3-1.4. Continued

Flights/y  GC Path Flights/ GC Path
City-Pairs Served day Dist Dist City-Pairs Served day Dist Dist
Org Via Des Org Via Des
ATL GYA 1 4005 4147 PAR BOM 1 3774 4232
GVA ATL 1 4005 4147 BOS FRA 2 3177 3286
ATL LON 5 3648 3807 FRA BOS 2 3177 3286
LON ATL 5 3648 3807 BOS GVA 1 3185 3278
ATL PAR 1 3806 3967 GVA BOS ] 3185 3278
PAR ATL 1 3806 3967 BOS LON 6 2827 2937
BAH BOM 3 1302 1423 LON BOS 6 2827 2937
BOM BAH 3 1302 1423 BOS PAR 1 2985 3101
BAH FRA 3 2395 2721 PAR BOS 1 2985 3101
FRA BAH 3 2395 2721 BOS SNN 2 2506 2608
BAH GVA 1 2422 2673 SNN BOS 2 2506 2608
GVA BAH 1 2422 2673 BRU CHI i 3602 3868
BAH JKT 9 3801 3861 CHI BRU ] 3602 3868
JKT BAH 9 3801 3861 BRU NYC 4 3176 3240
BAH MNL 1 3976 4672 NYC BRU 4 3176 3240
MNL BAH 1 3976 4672 BRU HEL TYO 1 5103 5646
BAH SIN 14 3412 3659 TYO HEL BRU 1 5103 5646
SIN BAH 14 3412 3659 BRU YMQ 1 3000 3115
BKK CAl 2 3915 4463 YMQ BRU 1 3000 3115
CAl BKK 2 3915 4463 BUD NYC 1 3785 3895
BKK BAH CPH 3 4644 6456 NYC BUD 1 3785 3895
CPH BAH BKK 3 4644 6456 BUE DKR MAD 2 5441 6098
BOM GVA 1 3623 4045 MAD  DKR BUE 2 5441 6098
GvVA BOM 1 3623 4045 CcCs LIS 1 3508 3509
BOM NBO 1 2446 2505 LIS CCS 1 3508 3509
NBO BOM 1 2446 2505 CCS MAD 2 3779 3780
BOM PAR 1 3774 4232 MAD CCs 2 3779 3780
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Table 3-1.4. Continued

Flights/  GC Path Flights/ GC Path
City-Pairs Served day Dist Dist City-Pairs Served day Dist Dist
Org Via Des Org Via Des
CCS ROM 1 4497 4498 PAR DFW 2 4286 4595
ROM CCs 1 4497 4498 DFW SEA TYO 3 5569 5572
CHI FRA 6 3761 4030 TYO SEA DFW 3 5569 5572
FRA CHI 6 3761 4030 DHA BOM 2 1327 1441
CHI GVA 2 3806 4014 BOM DHA 2 1327 1441
GVA CHI 2 3806 4014 DHA LON 3 2731 3006
CHI LON 6 3423 3681 LON DHA 3 2731 3006
LON CHI 6 3423 3681 DHA MNL 7 4001 4690
CHI PAR 2 3595 3845 MNL DHA 7 4001 4690
PAR CHI 2 3595 3845 DHA PAR 1 2584 2836
CHI ROM 2 4176 4363 PAR DHA i 2584 2836
ROM CHI 2 4176 4363 DHA SIN 5 3436 3677
CHI SEA TYO 13 5435 5622 SIN DHA 5 3436 3677
TYO SEA CHI 13 5435 5622 DKR PAR 6 2280 2494
CPH LAX 1 4871 4909 PAR DKR 6 2280 2494
LAX CPH 1 4871 4909 DTW FRA 2 3603 3827
CPH NYC 1 3339 3481 FRA DTW 2 3603 3827
NYC CPH 1 3339 3481 DTW LON 1 3261 3478
CPH SEA 1 4214 4346 LON DTW 1 3261 3478
SEA CPH 1 4214 4346 DTW PAR 2 3430 3616
CPH HEL TYO 1 4700 5239 PAR DTW 2 3430 3616
TYO HEL CPH 1 4700 5239 DTW SEA SEL 5 5738 6347
DFW FRA 2 4455 4784 SEL SEA DTW 5 5738 6347
FRA DFW 2 4455 4784 DTW SEA TYO 5 5542 5801
DFW LON 6 4115 4435 TYO SEA DTW S 5542 5801
LON DFW 6 4115 4435 FRA YYC LAX 3 5029 5137
DFW PAR 2 4286 4595 LAX YYC FRA 3 5029 5137
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Table 3-1.4. Continued

Flightsy  GC Path Flights/ GC Path
City-Pairs Served day Dist Dist City-Pairs Served day Dist Dist
Org Via Des Org Via Des
GVA NYC 4 3346 3386
FRA SFO 1 4936 4953 NYC GVA 4 3346 3386
SFO FRA 1 4936 4953 GVA YMQ 1 3191 3258
FRA MIA 4 4188 4238 YMQ GVA 1 3191 3258
MIA FRA 4 4188 4238 HEL NYC 1 3565 3742
FRA NYC 13 3340 3402 NYC HEL 1 3565 3742
NYC FRA 13 3340 3402 HKG TYO LAX 7 6282 6590
FRA DKR RIO 2 5163 5606 LAX TYO HKG 7 6282 6590
RIO DKR FRA 2 5163 5606 HKG TYO SEA 3 5625 5998
FRA BAH SIN 3 5543 6380 SEA TYO  HKG 3 5625 5998
SIN BAH FRA 3 5543 6380 HKG TYO SFO 11 5994 6306
FRA HEL TYO 5 5054 5587 SFO TYO  HKG 11 5994 6306
TYO HEL FRA 5 5054 5587 HKG SYD 11 3981 4532
FRA WAS 3 3534 3590 SYD HKG 11 3981 4532
WAS FRA 3 3534 3590 HKG TYO  YVR 8 5533 5919
FRA YMQ 1 3161 3502 YVR TYO  HKG 8 5533 5919
YMQ FRA 1 3161 3502 HNL LAX 31 2216 2217
FRA YYC 1 4062 4090 LAX HNL 31 2216 2217
YYC FRA 1 4062 4090 HNL MNL 5 4597 4598
FRA YYZ 3 3422 3672 MNL HNL 5 4597 4598
YYZ FRA 3 3422 3672 HNL OSA 14 3557 3558
GUM HNL 5 3296 3297 0OSA HNL 14 3557 3558
HNL GUM 5 3296 3297 HNL PHX 1 2528 2529
GUM SIN 1 2533 2534 PHX HNL 1 2528 2529
SIN GUM 1 2533 2534 HNL PPT 7 2383 2384
GUM SYD 1 2869 3062 PPT HNL 7 2383 2384
SYD GUM 1 2869 3062 HNL SEA 4 2324 2324
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Table 3-1.4. Continued

Flights/ GC Path
City-Pairs Served day Dist Dist
Org Via Des
SEA HNL 4 2324 2324
HNL SEL 7 3950 4602
SEL HNL 7 3950 4602
HNL SFO 18 2080 2081
SFO HNL 18 2080 2081
HNL SYD 18 4409 4420
SYD HNL 18 4409 4420
HNL TPE 4 4394 4395
TPE HNL 4 4394 4395
HNL TYO 54 3311 3311
TYO HNL 54 3311 3311
HNL YVR S 2347 2348
YVR HNL 5 2347 2348
JKT TYO 5 3145 3288
TYO JKT 5 3145 3288
IJNB RIO 1 3859 3859
RIO JNB 1 3859 3859
LAX LON 7 4726 4870
LON LAX 7 4726 4870
LAX HNL MEL 4 6884 7017
MEL HNL LAX 4 6884 7017
LAX OSA 3 4955 4956
OSA LAX 3 4955 4956
LAX  YYC PAR 2 4910 5189
PAR YYC LAX 2 4910 5189
LAX TYO PEK 1 5415 5876
PEK TYO LAX 1 5415 5876
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Flights/ GC Path
City-Pairs Served day Dist Dist
Org Via Des
LAX PPT 3 3567 3568
PPT LAX 3 3567 3568
LAX LIM RIO 1 5470 5757
RIO LIM LAX 1 5470 5757
LAX NYC ROM 1 5504 5884
ROM NYC LAX 1 5504 5884
LAX HNL SYD 7 6508 6637
SYD HNL LAX 7 6508 6637
LAX TYO TPE 8 5893 5912
TPE TYO LAX 8 5893 5912
LAX TYO 35 4723 4724
TYO LAX 35 4723 4724
LIM MIA 3 2276 2402
MIA LIM 3 2276 2402
LIS NYC 2 2916 2917
NYC LIS 2 2916 2917
LIS RIO 2 4163 4337
RIO LIS 2 4163 4337
LON MIA 7 3835 3842
MIA LON 7 3835 3842
LON MSP 1 3476 3910
MSP LON 1 3476 3910
LON NYC 27 2990 3053
NYC LON 27 2990 3053
LON DKR RIO 2 4993 5347
RIO DKR LON 2 4993 5347
LON SEA 1 4156 4307



Table 3-1.4. Continued

Flights/ GC Path Flights/ GC Path
City-Pairs Served day Dist Dist City-Pairs Served day Dist Dist
Org Via Des Org Via Des
SEA LON 1 4156 4307 RIO MAD 3 4395 4591
LON SFO 3 4649 4778 MAD SJu 2 3444 3443
SFO LON 3 4649 4778 Sju MAD 2 3444 3443
LON BAH SIN 8 5868 6689 MIA PAR 2 3976 3989
SIN BAH LON 8 5868 6689 PAR MiA 2 3976 3989
LON SJU 4 3633 3634 MIA SCL 2 3592 3690
SJU LON 4 3633 3634 SCL MIA 2 3592 3690
LON STL 1 3638 3825 MNL SYD 3 3380 3920
STL LON 1 3638 3825 SYD MNL 3 3380 3920
LON HEL TYO 11 5175 5754 MOW NYC 2 4037 4208
TYO HEL LON 11 5175 5754 NYC MOW 2 4037 4208
LON WAS 6 3184 3241 MRU SIN ] 3013 3014
WAS LON 6 3184 3241 SIN MRU 1 3013 3014
LON YMQ 2 2817 3153 MRU TPE 1 4602 4698
YMQ LON 2 2817 3153 TPE MRU 1 4602 4698
LON YVR 1 4090 4286 MSP SEA TYO 2 5154 5343
YVR LON 1 4090 4286 TYO SEA MSP 2 5154 5343
LON YYC 1 3786 3916 NYC OSL 1 3192 3341
YYC LON 1 3786 3916 OSL NYC 1 3192 3341
LON YYZ 7 3079 3323 NYC PAR 12 3148 3216
YYZ LON 7 3079 3323 PAR NYC 12 3148 3216
MAD MEX 2 4892 4893 NYC ROM 10 3704 3740
MEX MAD 2 4892 4893 ROM NYC 10 3704 3740
MIA MAD 2 3834 3835 NYC SEA SEL 5 5974 6775
MAD NYC 5 3109 3124 SEL SEA NYC 5 5974 6775
NYC MAD 5 3109 3124 NYC SNN 2 2669 2723
MAD RIO 3 4395 4591 SNN NYC 2 2669 2723

78



Table 3-1.4. Continued

Flights/ GC Path
City-Pairs Served day Dist Dist
Org Via Des
NYC STO 1 3395 3549
STO NYC 1 3395 3549
NYC ROM TLV 2 4920 5200
TLV ~ ROM  NYC 2 4920 5200
NYC SEA TYO 21 5844 6229
TYO SEA NYC 21 5844 6229
NYC WAW 1 3695 3786
WAW NYC 1 3695 3786
OSA SIN 7 2668 2843
SIN OSA 7 2668 2843
PAR DKR RIO 2 4956 5311
RIO DKR PAR 2 4956 5311
PAR SJU 8 3734 3725
SJU PAR 8 3734 3725
PAR BAH SIN 1 5783 6519
SIN BAH PAR 1 5783 6519
PAR HEL TYO 5 5239 5798
TYO HEL PAR 5 5239 5798
PAR WAS 3 3343 3405
WAS PAR 3 3343 3405
PAR YMQ 6 2984 3317
YMQ PAR 6 2984 3317
PAR YYZ 1 3248 3461
YYZ PAR 1 3248 3461
PDX SEL 3 4566 4728
SEL PDX 3 4566 4728
PDX TYO 3 4177 4178
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Flights/ GC Path
City-Pairs Served day Dist Dist
Org Via Des
TYO PDX 3 4177 4178
PER TYO 3 4287 4288
TYO PER 3 4287 4288
PPT SFO 1 3649 3650
SFO PPT | 3649 3650
PPT SYD 1 3301 3302
SYD PPT 1 3301 3302
PPT GUM TYO 2 5096 5665
TYO GUM PPT 2 5096 5665
RIO DKR  ROM 2 4949 5771
ROM DKR RIO 2 4949 577
ROM HEL TYO ] 5343 5962
TYO HEL  ROM ] 5343 5962
ROM YYZ 1 3823 4031
YYZ ROM ] 3823 4031
SEA SEL 1 4503 4678
SEL SEA 1 4503 4678
SEA TYO TPE 1 5264 5320
TPE TYO SEA 1 5264 5320
SEA TYO 9 4131 4132
TYO SEA 9 4131 4132
SEL SIN 1 2511 2573
SIN SEL I 2511 2573
SEL YVR 2 4411 4455
YVR SEL 2 4411 4455
SFO HNL SYD 2 6448 6501
SYD HNL SFO 2 6448 6501



Table 3-1.4. Continued

Flights/ GC Path
City-Pairs Served day Dist Dist
Org Via Des
SFO TYO TPE 5 5607 5628
TPE TYO SFO 5 5607 5628
SFO TYO 29 4439 4440
TYO SFO 29 4439 4440
SIN TLV 1 4293 4641
TLV SIN 1 4293 4641
SIN TPE 2 1740 1742
TPE SIN 2 1740 1742
SIN TYO 32 2893 2947
TYO SIN 32 2893 2947
SIN BAH VIE 1 5232 6302
VIE BAH SIN 1 5232 6302
SYD TYO 20 4226 4385
TYO SYD 20 4226 4385
TPE TYO YVR 1 5176 5241
YVR TYO TPE 1 5176 5241
TYO SEA WAS 6 5851 6129
WAS SEA TYO 6 5851 6129
TYO YVR 9 4050 4053
YVR TYO 9 4050 4053
TYO YVR YYZ 2 5557 5858
YYZ YVR TYO 2 5557 5858
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Total HSCT Passenger Demand
Passengers Carried per Day
Year 2015
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Figure 3-1.1. Total HSCT passenger demand for 2015 by region, including the projected number of daily
passengers and percentage of total passenger demand for each region.
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Figure 3-1.2. HSCT route system for the year 2015.
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Figure 3-1.3. Mission profile for Mach 1.6 HSCT from Los Angeles to Tokyo
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INTRODUCTION

Three-dimensional (1 degree latitude x 1 degree longitude x 1 km altitude) distributions of fuel
burned, nitrogen oxides (NOx), carbon monoxide (CO), and hydrocarbons (HC) were calculated
for the following components of the scenarios described in Subchapter 3-1:

* 1990 scheduled atrliner, cargo, and turboprop aircraft

» Projected 2015 scheduled subsonic airliners (assuming no HSCT fleet exists)

» Projected 2015 scheduled subsonic airliners (assuming an HSCT fleet of 500 Mach 2.4
HSCTs were flying)

» Projected 2015 scheduled cargo aircraft

» Projected 2015 scheduled turboprop aircraft

» Projected 2015 HSCT traffic for 500 Mach 2.4 HSCTs with nominal NOx emission indices
of 5 and 15 gm NOy/kg fuel burned at cruise.

The methods and the results are described below.

EMISSIONS CALCULATION METHODOLOGY

Boeing maintains an engineering database of aircraft performance and emissions characteristics
for a number of subsonic passenger and cargo jets. For the work described here, 57 subsonic
aircraft/engine configurations were used to calculate the emissions of the 1990 scenarios. Less
detailed data were used for calculations of the Concorde aircraft and for turboprop aircraft. Using
this database, technology modifications and improvements were projected to 2015 for subsonic jet
aircraft. Calculations for the Mach 2.4 HSCT were based on the current Boeing preliminary
design aircraft. The calculations will be described later in more detail for each component scenario.
The general methodology is described below.

All aircraft were assumed to fly according to engineering design. Altitudes and mission
profiles were calculated based on the performance of the aircraft and its mission weight. Air traffic
control constraints were not considered. Flight schedules of departures for each aircraft type were
based on Official Airline Guide (OAG) flight schedules for May 1990 and on projected schedules
for 2015. For each aircraft type considered, a separate three-dimensional data set of fuel burned
and emissions was calculated. Subsonic aircraft were flown along great circle routes between the
cities. For the HSCT, routing between waypoints to avoid supersonic flight over land was used for
many city-pairs. The HSCT was flown along great circle routes between these waypoints. For all
flights, zero prevailing winds were assumed.

To calculate the global inventory of aircraft emissions, a computer model was developed which
basically combines scheduling data (departures, aircraft type) with aircraft performance and
emissions data. The Global Atmospheric Emissions Code (GAEC) computer model was used to
calculate fuel burned and emissions from files of airplane performance and engine emissions data.
The aircraft performance file contains detailed performance input data for a wide range of operating
conditions. Each engine emission input file contains emission indices tabulated as a function of
fuel flow rate.

For each route flown by the airplane/engine type, the takeoff gross weight was calculated as a
function of the city-pair route distance. The fuel burned was calculated for the following flight
segments:

Taxi-out
Climbout
Subsonic Climb
Subsonic Cruise
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Supersonic Climbout
Supersonic Cruise
Supersonic Descent
Descent

Approach and Land
Taxi-in

For subsonic aircraft, emissions of NOy, CO, and HC were calculated based on the measured
ground level emission indices reported to the International Civil Aviation Organization (ICAO) for
current aircraft. Normally, these measurements are reported at four thrust settings. For detailed
calculations of a single mission, the normal process is to use the engine emission data, the engine
performance data as provided by engine thermodynamic cycle models, and the airplane
performance data. Thermodynamic cycle analyses are too computationally intensive for the
calculation of a global inventory of emissions. A more simplified approach was used instead.

For the calculation of a global inventory of emissions, the ICAO emissions data were
interpolated as a function of fuel flow rate and, corrected for temperature and pressure at altitude
(based on U.S. Standard Atmosphere 1976). The results from this simplified approach will be
compared with the detailed cycle deck analyses in a later section. Further details of the emissions
calculations will be included 1n the contractor report to NASA. For the HSCT, where no hardware
and thus no measurements exist, projected engine emissions data were provided by General
Electric (GE) and Pratt & Whitney (P & W).

Distributions of fuel usage and emissions were done using 1 degree latitude x 1 degree
longitude x 1 km altitude cells. The altitude corresponds to the geopotential altitudes of the U.S.
Standard Atmosphere temperature and pressure profile and is thus pressure-gridded data. For each
city-pair, the total route distance was calculated. The fuel burn rate and airplane gross weight were
then calculated at discrete distances along the route path which corresponded to points where the
airplane entered or left a cell (crossed any of the cells boundaries) or points where a transition in
flight conditions occurred (climbout/climb, climb/cruise, cruise/descent, descent/approach and
land, taxi-out/climbout, approach and land/taxi-in). The fuel burn rate would change dramatically
at these transition points.

The emissions were calculated for each flight segment between the above described discrete
points using the fuel burn rate within the segment. The total fuel burned in the segment was
calculated as the difference in airplane gross weight at the segment end-points. The emissions
were then assigned to a cell based on the coordinates of the endpoints.

Engineering Checks

The GAEC code was written to be a shortcut for the standard, computationally intensive
Boeing emissions analysis process, and, as such, simplifying assumptions were made. In order to
validate the GAEC code, a set of test cases were run using both GAEC and the standard Boeing
Mission Analysis Program (BMAP-EMIT) process. Four routes for one aircraft/engine
configuration were analyzed by both methods using the operating conditions assumed for the
global emissions calculations (no winds, Standard Atmospheric conditions, 70% full passenger
payload, 200 1b per passenger, etc.). Table 3-2.1 shows the total fuel burned and emissions
generated for each portion of the flight segment as calculated by both codes.

In all of the test cases, the difference between total fuel or total emissions was less than 2%
when the GAEC solution was compared to the BMAP-EMIT solution. The differences are the
percentages relative to the BMAP-EMIT solutions. The most obvious discrepancy in the data is
seen in the GAEC approach data where the HC and CO emissions were overestimated by 25% and
NOy was overestimated by 13%. This is most likely due to the approach performance averaging in
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GAEC. The approach analysis in BMAP uses two thrust settings starting near idle and then
increasing as the airplane gets closer to landing. GAEC assumes an average power setting for the
entire approach-land segment, which results in higher overall emissions. However, only a small
fraction of the fuel burned or emissions occur during approach. For calculations of global
emissions where the primary interest is in accounting for the cruise emissions, the agreement was
considered to be quite good, particularly for longer range missions.

Scenario Checks

A three-dimensional evaluation for the scheduled flights of each aircraft/engine configuration
was calculated, and these were then summed to produce the various component scenarios
described in Subchapter 3-1. Each three-dimensional aircraft database was checked out using the
following procedure:

1. Fuel burned for the scenario was totaled over latitude, longitude, and altitude and then
compared with reported global jet fuel consumption.

2. Global average emission indices were calculated for NOy, CO, and hydrocarbons and
compared with emission indices reported to ICAO to ensure the gridded emissions were
reasonable.

3. The emissions were totaled over latitude and longitude, and then emission indices as a
function of altitude were calculated. This is a test of the emission technology and the level
of detail that went into the emission scenario calculation. Emission indices vary with
power settings and thus vary at different stages of the flight. In general, NOx emission
indices should be greater during climbout than at cruise because a higher power setting is
needed. Carbon monoxide and hydrocarbon emission indices will be largest at the lowest
level because of low power settings during taxi operations (however, this is sensitive to the
amount of time assumed during airport operations relative to takeoff).

4. The geographical distribution was checked using visual aids to ensure that it made sense for
the scenario involved (Soviet Union traffic in the Soviet Union, HSCT high altitude flights
only over water, etc.). Fuel burn and emissions as a function of latitude and longitude
(superimposed on a map of the world) at each altitude level or summed into altitude bands
were checked to ensure that routes were consistent with the type of aircraft shown and that
airport locations were appropriate for each group of airplanes used in the scenario.

MACH 2.4 HSCT SCENARIOS

The Mach 2.4 HSCT scenarios were calculated using the Boeing preliminary design model
1080-924 with four Pratt & Whitney STJ989 turbine bypass engines with mixed compression
translating center body (MCTCBZ) inlets and two-dimensional semi-stowable (SS2D) nozzles.
The aircraft has a double delta wing planform (see Figure 3-2.1) and a mostly composite structure.
Overall body length is approximately 314 feet with a wing span of 139 reet. It was designed to
carry over 300 passengers for a range of 5000 nautical miles.

Emissions data were provided by GE/P&W for a generic HSCT combustor with a nominal
NOy emission index at cruise of approximately 5 gm NOy (as NO2)/kg fuel. Nitrogen oxides,
carbon monoxide, and hydrocarbon emission levels were calculated from these data as a function
of power setting and altitude. A similar calculation was done to scale up to a nominal EI (NOy)=15
scenario. For this scaling, the combustor was assumed to operate as a conventional combustor at
low power settings and as an advanced low-NOx combustor at higher settings. Based on
discussions with both engine companies, the EI(NOy) for this case was unchanged at low power
settings and increased by a factor of 3 at higher thrust settings.

91



The basic HSCT mission profile was assumed as follows: 10 minute taxi out, all engine takeoff
ground-roll and liftoff, climbout to 1500 feet and accelerate, climb to optimum cruise altitude
(subsonic or supersonic, depending on whether over land or water), climbing supersonic cruise at
constant Mach, descent to 1500 feet, approach and land, and 5 minute taxi in.

For a given HSCT model, fuel burned and emissions data were calculated for parametric
mission cases: various takeoff weights (in increments of 50,000 pounds), two passenger-loading
factors (100% and 65%), and with two cruise speeds (Mach 2.4 and Mach 0.9). These subsonic
and supersonic mission profiles of varying range were used with a regression analysis to develop
generalized performance for each HSCT mission segment as a function of weight.

HSCT flight profiles of fuel burn and emissions were calculated from this performance and
emissions data for each HSCT mission. The departure network was described in Subchapter 3-1.
These profiles with projected HSCT flight frequencies were then used to calculate the three-
dimensional database, as described above.

Using the HSCT network developed in this study, 2192 HSCT departures per day were then
modeled using 386 mission profiles. The average route distance flown was 3408 miles with a total
daily HSCT mileage of 7,471,316 nautical miles. This corresponds to a daily HSCT passenger
demand of 386,800 passengers, as was discussed in subchapter 3-1. The calculated fuel burned,
emissions, and effective emission indices as a function of altitude (summed over latitude and
longitude) are shown in Tables 3-2.2 and 3-2.3.

The three-dimensional character of the data set is illustrated in Figure 3-2.2, which shows NOy
emissions for the Mach 2.4 HSCT (nominal EI(NOy)=5) case. Emissions at 18-21 km due to
supersonic cruise are concentrated in the northern hemisphere, particularly between 40° and 50° N
latitude. Flights above 13 km occur only over water.

The NOy emissions as a function of altitude (summed over latitude and longitude) are shown
more quantitatively in Figure 3-2.3 for the Mach 2.4, nominal EI(NOy)=5 case. The peak NOy
emissions occur at 19-21 km altitudes with smaller peaks at 10—13 km altitude due to subsonic
cruise. Figure 3-2.4a shows the cumulative fraction of NOx emissions plotted as a function of
altitude for the nominal EI=5 and El=15 cases. Approximately 54% of the NOx emissions from an
HSCT fleet will occur above 17 km altitude. Figure 3-2.4b shows the cumulative fraction of fuel
burmn and emissions plotted as a function of altitude. This figure illustrates that 50-60% of the
carbon monoxide and hydrocarbons emitted from an HSCT fleet are expected to occur above 17
km.

HSCT emissions are calculated to occur mostly at northern midlatitudes (Figure 3-2.5). Only
3% of the total fuel burned occurs north of 60° N latitude. No flights occur south of 40° S latitude.
Approximately 32% of the fuel burned occurs between 30° S and 30° N latitude.

Emission indices for NOy, CO, and hydrocarbons vary as a function of altitude (Figure 3-2.6).
Nitrogen oxide levels are highest during times of high thrust requirements (i.e., climbout and
supersonic climb), while CO and hydrocarbons are much lower at those times. During periods of
low power, the CO and hydrocarbons are proportionally higher.

The effect of scaling the emission indices by treating the combustor as conventional at low
power settings and as an advanced combustor at higher power settings results in NOy emission
indices for the nominal EI=15 case which vary significantly at different portions of the flight
profile. This is shown graphically in Figure 3-2.7.
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Mach 2.0 HSCT

A Mach 2.0 HSCT scenario is being developed by Boeing, based on the preliminary design
model 1080-938 with four P&W STJ1016 turbine bypass engines with MCTCB2 inlets and SS2D
nozzles. Combustor characteristics were provided by GE/P&W. The scenario is being calculated
using the same methodology that was used for the Mach 2.4 scenario. The scenario development
should be completed by the end of April 1993.

1990 SCHEDULED AIRLINER, CARGO, AND TURBOPROP SCENARIOS

Fuel burn and emissions (NOy, CO, hydrocarbons) were calculated for scheduled 1990
turboprop, cargo, and airliner traffic. Flight frequencies and equipment types were taken from the
May 1990 Official Airline Guide (OAG) as representative of the annual average. Aircraft
performance data and emission characteristics were assembled for 57 subsonic jet aircraft/engine
configurations, for the supersonic Concorde, and for three sizes of turboprop aircraft.

Airplanes known to function similarly and to have similar performance characteristics were
combined under single airplane models. Airplanes for which Boeing does not have performance
data were analyzed using performance data from airplanes estimated to have similar operating and
performance characteristics.

1990 Scheduled Airliner and Cargo Scenario

The aircraft included in the 1990 airliner calculation are shown in Table 3-2.4. This table
summarizes the fuel burned, emissions and globally averaged emission indices for each of the
aircraft included in the compilation of the database. As the table illustrates, the emissions
characteristics of the older aircraft (707, DC-8) are quite different from those of more modern
aircraft (757, 767).

A three-dimensional database was calculated for each of the arrcraft/engine configurations.
These were then summed over all the aircraft types to produce a three-dimensional scenario of
scheduled airliner and cargo aircraft. Table 3-2.5 summarizes as a function of altitude the
calculated fuel burned and emissions for this case.

The emission indices vary significantly as a function of altitude as shown in Figure 3-2.8.
Nitrogen oxide emission indices are higher during takeoff and climb and drop down during cruise.
Most (60-65%) of the fuel burned and NO, emissions occur between 9 and 12 km altitude (Figure
3-2.9a). Approximately 60-70% of the CO and hydrocarbons occur below 9 km. (Figure 3-2.9b)

Validation Test

In 1990, the U.S. airlines reported to the government on DOT-Form 41 their total jet fuel
usage, number of departures, and average route distance flown for specific aircraft. Using the
GAEC code, Boeing calculated the scheduled traffic for each of these airlines for selected aircraft
reported (Boeing 727-200 and 747). The results are summarized in Table 3-2.6. The calculated
total fuel burn for all the airlines taken together appears to be about 9% lower than reported. The
model uses about 6% more departures than reported as the annual average by the airlines. The
fuel/trip is calculated to be about 14-17% lower than reported.

In general, the agreement appears to be quite good and the differences arise both from
simplified assumptions about the aircraft operation and the assumption that one week of departure
data could be used to represent the annual average. The modeling calculation did not consider
airport congestion, diversion due to weather, auxiliary power unit utilization, or air traffic control
effects. It assumed that aircraft were flown according to engineering design with only the
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necessary amount of fuel plus reserves; in reality however, aircraft do not refuel at every landing
and may carry more extra fuel than required by the U.S. Federal Aviation Administration (FAA).

1990 Scheduled Turboprop

Three turboprops were selected to represent small, medium, and large categories of turboprops
flying commercially in 1990. The results are tabulated in Table 3-2.7. Turboprop fuel was found
to be a small fraction (1.1%) of the global jet fuel burn and will not be discussed in detail here.

1990 Generic Fleet Analysis

The engineering data files used in the calculation of the 1990 scheduled airliner and cargo
scenario contain detailed information which is considered proprietary by the Boeing Company. In
order to provide a paper trail of engineering data that could be used by NASA for their own tests, a
1990 generic database was constructed based on the performance curves of existing aircraft. The
classification of airplanes and the performance characteristics of these generic airplanes were
determined using fleet data from the Boeing marketing group and performance data from the
predominant airplanes within the fleet classes. Eight generic classes of airplanes were identified.
These classifications of 1990 fleet airplanes within the generic fleet are shown in Table 3-2.8.

The base performance data for the predominant airplane in each class were selected to represent
the performance data of the generic class. The predominant airplane is defined as the airplane that
had the greatest global fuel burn relative to all airplanes within that particular class during the year
1990. These base performance data were then adjusted using a weighting factor accounting for
global and local performance characteristics of the airplanes within the generic classes. The local
performance factors were determined by flying the aircraft of a given type on a mission typical of
those flown by that aircraft class. Only the major contributors to total fuel burn within each class
were included in the calculation of the weighting factors. The performance weighting factors were
calculated as follows:

(L1*G1+L2*G2+L3*G3+...+Ln*Gn)
Lc*(G1+ G2 +G3+...+Gn)

factor =

where

L1, L2, .., Ln are the local fuel, NOx, HC, or CO values of each airplane within the generic
class.

G1, G2, ..., Gn are the global fuel, NOx, HC, or CO values of each airplane within the
generic class.

Lc is the local fuel, NOy, HC, or CO value of the base airplane representing the generic class.

Emissions were calculated for the complete generic 1990 fleet by "flying” each generic airplane
on the OAG routes of all airplanes within the respective generic class using the generic airplane
performance data and weighting factors.

As might be expected, representing the entire fleet of aircraft with only eight generic types is
less accurate than using the actual aircraft types in service. A comparison of the calculated fuel
burned and emissions calculated using the database of 58 jet airliners and the eight 1990 generic
classes is shown in Table 3-2.9. For this calculation, the results for the detailed calculation using
58 jet aircraft types were summed into classes and used as the reference in the comparison with the
generic calculation.

As Table 3-2.9 shows, the generic description does a good job of accounting for global fuel
burned, but there are errors of 10-15% for some aircraft types. Similarly globally calculated NOy
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emissions appear to be accounted for to within about 10%. Hydrocarbon and carbon monoxide
emissions are much more poorly accounted for in the generic calculations.

The generic description involves grouping aircraft of similar size and ran ge together as a class.
This means that both old and new technology aircraft are grouped together and treated as one.
Improvements in combustor efficiency have resulted in significant changes in the CO and HC
emissions of aircraft engines. Thus, the generic categories do not do a very good job of
accounting for these emissions. Since the new and old technology aircraft are not uniformly
distributed between countries, there will be errors introduced in the geographical distribution of the
emissions when generic categories are used.

In general, while the 1990 generic aircraft may be useful for parametric studies, there are
significant errors introduced by trying to represent the diverse global aircraft fleet by just a few
generic aircraft types.

2015 SCHEDULED SUBSONIC AIRLINER, CARGO, AND TURBOPROP
SCENARIOS

2015 Marketing Analysis

For year 2015, passenger demand was projected by averaging regional growth rates predicted
by the Boeing and McDonnell Douglas market research groups. It was assumed that the airline
networks will be the same in 2015 as in 1991 and that airlines will operate with the same average
load factors.

In order to balance airplane size growth and airplane departures (flight frequency) growth, the
initial calculations of 2015 scheduled available seats used the common growth rates, while the
2015 scheduled departures used 50% of the common growth rate (i.e., the airplanes are projected
to get bigger on average). Future aircraft were grouped into 10 generic passenger and 5 generic
cargo sizes (see Table 3-2.10).

Estimation of the airplane size and frequency requirements by city-pair market for the year
2015 requires that two elements be forecast:

* Total number of seats required by each city-pair market.
* Total number of departures required by each city-pair market.

Passenger Fleet Airplane Size Results

Figure 3-2.10 compares the available seat mile (ASM) distribution by generic size for the
passenger airplane in the 1991 schedule data, for the year 2010 in Boeing's 1992 annual forecast,
"Current Market Outlook” (based on Boeing growth rates only) and the NASA Emission Study
Forecast for the year 2015 (based on the Boeing/McDonnell Douglas "common" growth rates,
described in subchapter 3-1). The latter forecast is shown with and without the presence of a fleet
of 500 M2.4 300-passenger HSCTs. Both forecasts show a trend towards increasing airplane size
with time. This is more pronounced for the NASA emission study forecast due to the later time
period and to the generally higher growth rates. A target HSCT fleet of 500 airplanes consumes
about 11% of the subsonic ASM requirement. This comes mostly at the expense of the larger
subsonic aircraft, because they are heavily used on the North Atlantic and Pacific/Oceania routes,
prime HSCT routes.
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Cargo Fleet Requirement

The process for estimating the frequencies and aircraft size for cargo airplanes was the same as
for the passenger airplanes except:

« Tons were used as a measure of capacity.
. Tons required were assumed to increase at 6.3% per year for all markets.
« Frequencies were assumed to increase at 4.0% per year for all markets.

Figure 3-2.11 shows the resulting Available Ton Mile (ATM) distribution for the September
1991 schedule and the 2015 forecast results. As with the passenger fleet there is a shift to larger
capacity airplanes. The growth in cargo demand plus the shift to larger airplanes result in a
majority of the freighter departures being in aircraft of more than 40 ton capacity (DC-10/767 size
airplanes).

2015 Aircraft Technology

Baseline 1990 airplane performance data and engine performance data were used in the analysis
of each class of airplane in the 2015 fleet. One modern 1990 airplane was selected to represent
each class of projected 2015 airplane. Technology improvement factors were applied to each
airplane to account for estimated improvements in fuel burn and emissions for airplanes entering
service between 1990 and 2015. Based on a Boeing marketing analysis, a 2015 fleet would be
composed of 50% airplanes built before 2005 and 50% airplanes built after 2005. The technology
improvement factors were calculated assuming that the entire fleet would be “state of the art” for
the year 2005.

Estimating the fuel flow improvement factor was a two-step process. First, the baseline
airplane fuel flow was corrected to 1990 technology and then corrected again to reflect 2005
technology. The 1990 correction is based on the assumption that turbofan engines of all thrust
ratings and equal technology will have approximately equal fuel flow to thrust ratios at maximum
power.

Engine emissions improvement factors were estimated based on known differences between
older technology engines and new modern engines. The technology improvement factors used are
summarized in Table 3-2.11.

2015 Scheduled Air Traffic

The results for the projected 2015 subsonic airliner scenario, assuming no HSCT fleet exists,
are summarized by aircraft type in Table 3-2.12. The results, summed over latitude and longitude,
are shown as a function of altitude in Table 3-2.13.

A fleet of 500 Mach 2.4 HSCTs has been calculated to carry 386,800 passengers/day. This
passenger demand would then be satisfied by the HSCT fleet displacing it from the subsonic
airliners; so a scenario of these modified subsonic airliner operations was calculated. The results

for the projected 2015 subsonic scenario, assuming an HSCT fleet exists, are summarized in
Tables 3-2.14 and 3-2.15.

The fuel burned and emissions for the projected 2015 scheduled cargo scenario are summarized
in Tables 3-2.16 and 3-2.17. The calculations indicate that fuel burmed by scheduled cargo aircraft
will only be about 2.3% of that used by scheduled airliners.

The 2015 turboprop analysis was completed using the 1990 medium sized turboprop
performance data for all turboprop routes in the projected 2015 OAG. No technology
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improvement factors were applied to the data since it is uncertain how the fuel burn and emissions
characteristics of these airplanes will change. A detailed analysis of future turboprop technology
was not justified because the calculations for 1990 indicate that turboprops only consume 1.1% of
the global jet fuel (see subchapter 3-4). Departures for turboprop aircraft were projected at 38,743
for 2015 with an average route distance of 149.9 nautical miles, for a total daily distance flown of
5,806,976 nautical miles. Global fuel usage by turboprops was calculated to be 4.14 x 109
kg/year, which is 1.7% of the fuel used by the projected 2015 airliners.

Discussion

The three-dimensional character of the data sets are illustrated in Figures 3-2.12 and 3-2.13,
which show NOy emissions as a function of altitude, latitude, and longitude for the 1990 and 2015
scheduled air traffic (airliner, cargo, and turboprop). These figures emphasize that much of the air
traffic is expected to occur at northern midlatitudes with increased traffic in more southern latitudes
by 2015.

NOy emissions as a function of altitude are shown more quantitatively for the 1990 scheduled
airliner and cargo scenario and the 2015 subsonic airliner and cargo (both with and without an
HSCT fleet) scenarios in Figure 3-2.14. While NOy emissions are expected to rise because of the
increase in air traffic, only small changes in the altitude distribution are predicted.

Plots of fuel burned as a function of latitude (summed over altitude and longitude) (Figures 3-
2.15 and 3-2.16) show that the largest relative increase is in the tropics and lower latitudes. In
both 1990 and 2015, most air traffic is expected to occur in the northern hemisphere.

Fuel usage by scheduled airliner and cargo aircraft in 2015 is projected to be about 2.8-3.2
times larger than 1990 levels depending on whether an HSCT fleet exists or not. Global NOy
emissions from scheduled air traffic are projected to increase by about a factor of two from 1990 to
2015. By comparison, revenue passenger miles are projected to increase by a factor of 5.7, from
1203 billion in 1990 to 6883 billion in 2015 (based on the "common" forecast described in
subchapter 3-1).

SUMMARY

A detailed database of 1990 and projected 2015 scheduled subsonic aircraft operations has been
developed. The total emissions of each component are tabulated in subchapter 3-4, as well as a
discussion of the calculated fuel burn relative to 1990 reported jet fuel consumptions.

A more detailed discussion of the methodology and results will be presented in a contractor report
to NASA.
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Table 3-2.1. Comparison of the Global Atmospheric Emission Code (GAEC)
Results with Detailed Engineering Model Calculations (BMAP/EMIT)
For Four Aircraft Missions Using One Aircraft/Engine Type

BMAP-EMIT GAEC Differences

ROUTE fuel coO HC NO, fuel CO HC NO, fuel co HC NO,

(1b) (Ib) (Ib) (Ib) (1b) (Ib) (Ib) (Ib) %o % %0 %
TPA-PBI 151 nmi
taxi-out 432 18.1 1.5 1.5 432 182 1.5 1.6 0 -0.39 0 -8
takeoff 768 0.4 0 17.9 765.9 03 0O 17.9 0.27 22.05 -2.5 0.22
climb 1912 0.9 0.1 45 1814.6 0.9 0.1 424 5.09 -7.16  -3.64  5.78
cruise 1916 4.9 0.4 22,7 2093.2 5.1 0.4 24.1 -9.25 -4.69 -9.19  -6.04
descent 387.5 30.2 2.5 1.3 396.6 30.5 2.5 1.3 -2.35 -0.83 -0.8 5.3
approach 400 7.1 0.6 2.7 400 53 04 2.3 0 25.63 2491 13.21
taxi-in 239 10.1 0.8 0.9 240 10.1 0.8 0.9 -0.42 0.49 0.71  -2.27
Total 6115 71.7 6 92.2 61423 704 59 904 -045 1.83 1.88 2
LAX-DFW 1071 nmi
taxi-out 431.9 18.1 1.5 1.5 432 18.1 1.5 1.6 -0.02 0 0 -6.67
takeoff 823 0.4 0 19 821 0.4 0.1 19.3 0.24 15.91 22,27 -1.58
climb 5138 3.3 0.4 1054 4967 3.2 0.4 1009 3.33 332 2.5 4.27
cruise 16060 41.2 3.5 177.3 16148 42.1 3.6 1779 -0.55 -2.18  -1.7 -0.34
descent 691.2 63.9 5.3 2 719.7 66 5.5 2.2 412 -3.29 3 -9.09
approach 400 7.1 0.6 2.7 400 53 04 2.3 0 26.06 24.56 12.83
taxi-in 239.1 10 0.8 0.9 240 10 0.8 0.9 -038 -0.4 1.19  -3.41
Total 23704 144.2 12.2 308.9 23728 145.1 12.3 305.1 -0.1 -0.64  -0.82 1.25
JFK-OSL 3198 nmi
taxi-out 432 18.1 1.5 1.5 432 182 1.5 1.6 0 -0.55 0 -6.67
takeoff 976 0.4 22.9 975 0.4 0.1 23.1 0.1 0 - -0.87

20.4:

climb 5645.2 3.3 0.4 120.4 5682 3.5 0.4 1189 -0.65 -5.74 -5 1.25
cruise 60965 129.4 11.6 717.6 60654 129.6 11.6 706.7 0.51 -0.15 0 1.52
descent 687.8 63.9 53 2 715.2 654 5.5 2.2 -398 2235 -2.64  -8.59
approach 400 7.1 0.6 2.7 400 5.2 04 2.3 0 26.76 24.56 12.45
taxi-in 239 9.9 0.8 0.9 240 10 0.8 09 -042 -0.81 -1.22 341
Total 69346 232 20.3  868.2 69099 232.4 20.3 855.7 0.36 -0.17 0 1.44
SIN-VIE 5242 nmi
taxi-out 431.9 18.1 1.5 1.5 432 18.1 1.5 1.6 -0.02 0 0 -8
takeoff 1087 0.4 0.1 25.8 1087 0.5 0.1 26 0 -11.36 1061 -0.78
climb 6289.4 3.5 0.4 138 6596 3.9 0.5 141.4 -4.87 -10.8 -9.09  -2.46
cruise 111151 198 18.5 1387 110445  198.2 18.6 1365 0.64 -0.1 -0.05 1.53
descent 692.5 64.2 5.4 2 717.5 65.7 5.5 2.2 -3.61 -2.34 22,05 -10
approach 400 7.1 0.6 2.7 400 53 0.4 2.3 0 25.53 2456 12.83
taxi-in 239 9.9 0.8 0.9 240 10 0.8 0.9 -042 -1.01 122 -2.27
Total 120290 301.4  27.3 1539 119918 301.8 27.3 1540 0.31 -0.13 0 -0.08
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Table 3-2.4. Globally Computed Fuel Burned, Emissions, and Emission Indices for
Each Aircraft Included in the 1990 Scheduled Airline and Cargo

Database’
Globally Summed Emission
Indices
File EI (NOy) EI (HC) EI (CO)
Fuel NOy HC CO
(kg/year) (kg/year) (kg/year) (kg/year)
707-320B-C_JT3D-7 5.33E+08 3.00E+06 1.80E+07 1.96E+(Q7 5.64 33.70 36.85
727-100_JT8D-9 2.71E+08 2.16E+06 5.62E+05 2.00E+06 7.98 2.08 7.39
727-200_JT8D-15 1.04E+10 1.01E+08 6.81E+06 3.85E+07 9.75 0.66 3.71
727-200_JT8D-9 1.97E+09 1.93E+07 1.79E+06 8.68E+06 9.76 091 4.39
737-200_JT8D-15 3.79E+09 3.51E+07 3.02E+06 1.84E+07 9.25 0.80 4.86
737-200_JT8D-9 2.43E+09 2.11E+07 2.72E+06 1.28E+07 8.67 1.12 5.26
737-300+400+500_CFM56 6.69E+09 7.11E+07 2.89E+06 5.58E+07 10.63 043 8.34
747-100+200_CF6-50E2 5.49E+09 8.41E+07 5.56E+06 3.09E+07 15.34 1.01 5.62
747-100+200_JT9D-7A 5.43E+09 7.98E+07 9.48E+06 1.88E+07 14.70 1.75 3.47
747-200_JT9D-7] 8.14E+08 1.22E+07 148E+06 2.81E+06 14.98 1.82 3.46
747-200_JT9D-7Q 4 74E+09 5.49E+07 6.22E+06 1.77E+07 11.58 1.31 373
747-200_JT9D-TR4G2 4.08E+08 4.84E+06 1.62E+05 1.11E+06 11.86 0.40 2.73
747-200_RB211 3.52E+09 6.92E+07 1.65E+06 6.12E+06 19.62 0.47 1.74
747-300_CF6-50E2 2.65E+08 4.15E+06 2.73E+05 144E+06 15.67 1.03 5.44
747-300_CF6-80C2 2.49E+08 2.78E+06 2.24E+05 1.01E+06 11.16 0.90 4.04
747-300_JT9D-TR4G2 1.07E+09 1.34E+07 4.02E+05 2.68E+06  12.56 0.38 2.50
747-300_RB211 4.87E+08 1.00E+07 281E+05 1.03E+06  20.55 0.58 2.11
747-400_CF6-80C2 427E+08 4.76E+06 S5.18E+05 2.25E+06 11.15 1.21 5.27
747-400_PW4056 1.30E+09 1.69E+07 2.89E+05 3.76E+06 12.99 0.22 2.88
747-400_RB211 6.91E+08 9.94E+06 1.86E+06 1.80E+06 14.38 2.69 2.61
747SP_JT9D-7 9.45E+08 1.23E+07 2.20E+06 4.29E+06  12.99 2.33 4.54
747SP_RB211 1.74E+07 3.35E+05 3.81E+04 131E+05 19.26 2.19 7.55
757-200_PW2000 1.09E+09 1.45E+07 5.42E+05 5.33E+06 13.36 0.50 4.89
757-200_RB211 8.65E+08 1.03E+07 1.63E+06 5.73E+06 11.89 1.89 6.62
767-200+ER_CF6-80A 1.39E+09 1.85E+07 1.58E+06 7.47E+06 13.27 1.13 5.37
767-200+ER_CF6-80C2 2.60E+08 2.60E+06 4.53E+05 1.88E+06  10.00 1.74 7.25
767-200+ER_JTID-7R4 1.13E+09 1.47E+07 3.70E+05 2.65E+06 13.08 0.33 2.35
767-200+ER_PW4000 3.13E+07 3.70E+05 9.45E+03 1.20E+05 11.83 0.30 3.84
767-300+ER_CF6-80C2 5.29E+08 6.02E+06 1.24E+06 4.89E+06 11.38 2.35 9.24
767-300+ER_JTSD-7R4 1.32E+08 2.15E+06 S5.52E+04 3.97E+05 16.25 0.42 3.00
767-300+ER_PW4060 3.82E+08 4.91E+06 1.68E+05 1.97E+06 12.86 0.44 5.15
767-300ER_RB211 4.18E+07 8.04E+05 1.15E+05 3.98E+05 19.25 2.75 9.54
A300-600+ER_CF6-80C2 3.01E+08 3.51E+06 6.03E+05 2.29E+06  11.65 2.00 7.62
A300-B2+B4_CF6-50C2 3.61E+09 6.42E+07 440E+06 2.36E+07 17.77 1.22 6.54
A310-200+300_CF6-80A 1.65E+09 2.21E+07 1.75E+06 8.28E+06 13.34 1.06 5.00
A320-200+300_CFM56-5-A1 3.84E+08 S5.34E+06 2.50E+05 2.15E+06 13.91 0.65 5.60
BAC111_SPEY-512 2.60E+08 2.62E+06 2.36E+05 1.84E+06 10.07 091 7.07
BAE146_ALF502 5.49E+08 5.09E+06 4.95E+06 1.33E+07 9.27 9.02 2418
CARAVELLE-10B_JT8D 5.06E+07 4.21E+05 S5.60E+04 2.66E+05 8.31 1.11 5.26
CONCORDE 1.47E+08 1.02E+06 1.20E+06 9.07E+06 6.94 8.14 61.53
DASSMR_JT8D-7 4 56E+07 3.63E+05 4.08E+05 8.88E+05 7.97 8.94 19.47



DC10-10_CF6-6D
DC10-30_CF6-50E2
DC8-63_JT3D
DC8-71_CFMS56-B1
DC9-10+20+30_JT8D
DC9-40+50_JT8D
FOKKER-100_TAY-650
FOKKER-28_SPEY-555
IL-62_JT3D-7
IL-86_RB211
L1011_RB211
MD-82_JT8D-217
MD-87_JT8D-217
TRIDENT_JT8D-7
TU134_JT8D-7
TU154_JT8D-15
YAK-40+42_JT8D-7

Total

9.73E+08
6.77E+09
6.30E+08
8.39E+08
3.61E+09
6.99E+08
1.52E+08
7.70E+08
5.65E+08
5.28E+08
3.47E+09
4.59E+09
1.75E+08
4.48E+07
2.86E+08
1.57E+09
3.61E+08

9.08E+10

1.88E+07
9.78E+07
3.82E+06
8.61E+06
2.99E+07
6.94E+06
1.19E+06
7.30E+06
3.14E+06
9.54E+06
6.22E+07
5.55E+07
1.91E+06
3.58E+05
2.23E+06
1.48E+07
3.11E+06

1.14E+09

6.11E+05
6.22E+06
1.03E+07
2.35E+05
5.46E+06
7.16E+05
4.49E+05
5.37E+05
9.51E+06
9.07E+05
2.24E+06
7.28E+06
3.25E+05
2.89E+05
1.40E+06
9.79E+05
2.76E+06

1.37E+08

3.64E+06
4.72E+07
1.13E+07
4 .04E+06
2.70E+07
3.99E+06
4 42E+06
6.85E+06
1.28E+07
3.03E+06
9.36E+06
2.29E+07
9.88E+05
5.83E+05
4.18E+06
5.26E+06
5.28E+06

5.17E+08

19.36
14.44
6.07
10.26
8.29
9.93
7.83
9.48
5.55
18.05
17.90
12.10
10.90
7.99
7.79
9.45
8.60

12.54

0.63
0.92
16.31
0.28
1.51
1.02
2.96
0.70
16.82
1.72
0.65
1.59
1.86
6.45
491
0.62
7.63

1.50

3.74
6.97
17.96
4.82
7.48
5.71
29.13
8.90
22.62
5.74
2.70
4.99
5.66
13.01
14.63
3.35
14.60

5.69

*1.00E + 08 = 1.0 x 108
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Table 3-2.8. Aircraft Types Included in the Construction of the 1990 "Generic"

Database

Generic Class Real Aircraft

1990 SST Concorde

PO80 727-100_JT8D-9 DC9-10+20+30_JTSD
BACI111 _SPEY-512 FOKKER-100_ TAY-650
BAE146_ALF502 FOKKER-28 SPEY-555
CARAVELLE-10B_JT8D TU134_JT8D-7

P120 727-200_JT8D-9 DC9-40+50_JT8D
737-200_JT8D-9 MD-87_JT8D-217
737-200_JT8D-15 TRIDENT _JT8D-7
737-300+400+500_CFM56 YAK-40+42_JT8D-7
DASSMR_JT8D-7

P180A 707-320B-C_JT3D-7 MD-82 JT8D-217
727-200 _JT8D-15 TU154 JT8D-15
IL-62 JT3D-7

P180B 757-200_PW2000 DC8-63_JT3D
757-200_RB211 DC8-71_CFM56-B1
A320-200+300_CFM56-5-A1

P250 747SP_JTOD-7 767-300+ER_PW4060
747SP_RB211 767-300ER_RB211
767-200+ER_CF6-80A A300-600+ER_CF6-80C2
767-200+ER_JT9D-7R4 A300-B2+B4_CF6-50C2
767-200+ER_PW4000 DCI10-10_CF6-6D
767-200+ER_CF6-80C2 DCI10-30_CF6-50E2
767-300+ER_CF6-80C2 L1011 _RB211
767-300+ER_JT9D-7R4 A310-200+300_CF6-80A

P350 747-100+200_JT9D-7A 747-200_JT9D-7R4G2
747-100+200_CF6-50E2 747-200_RB211
747-200_JT9D-7] IL-86_RB211
747-200_JT9D-7Q

P500 747-300_CF6-50E2 747-400_CF6-80C2

747-300_CF6-80C2
747-300_JT9D-7R4G2
747-300_RB211
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Table 3-2.9. Comparison of the Globally Computed Fuel Burned, Emissions, and
Emission Indices for the 1990 Generic Database Relative to that
Calculated Using Actual 1990 Aircraft

File Fuel NOy HC CO EI(NOyx) EI(HC) EN(CO)

1990.SST  0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
PO80O 0.52% 6.65% -32.84% -132.64% 6.17%  -33.53% -133.85%
P120 11.85% 7.86% 50.61% 2131% -4.53% 43.98% 10.73%
P180A -0.66% 7.31% 58.44% 34.85% 7.91% 5871%  35.27%
P180B 15.01% 0.71% 64.02% 40.84% -16.83% 57.67%  30.40%
P250 -13.58% -11.57% 18.93% 10.73% 1.78% 28.62%  21.40%
P350 1.28% -1.33% -14.42% -21.19% -2.64% -1590% -22.77%
P500 0.02% -7.06% -103.53% -10.49% -7.08% -103.57% -10.52%

Total -0.29%  -1.55% 23.95% -3.10%  -1.26% 24.17% -2.80%
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Table 3-2.10. Classes of "Generic" Subsonic Airliner and Cargo Aircraft Used in the
2015 Scenario Construction

Passenger Aircraft

Seating Average

Class Capacity Seats
TBP (turboprop) 0- 50 30
P060 50- 70 60
P080 70-110 85
P120 110 - 140 120
P180 140 - 200 170
P250 200 - 300 250
P350 300 - 400 350
P500 400 - 600 500
P700 600 - 800 700
P900 > 800 900
YR 2015 "Generic" Cargo Airplane Sizes

Capacity Average
Class (Tons) (Tons)
C005 0-5 3.0
C010 5-10 15.0
C040 20 - 40 30.0
C080 40 - 80 60.0
C160 > 80 120.0
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Table 3-2.11. Technology Improvement Factors for 2015 Aircraft Relative to 1990

Technology

Generic

Airplane Fuel Flow Factor NOy factor HC factor CO factor
PTBP 1.00 1.00 1.00 1.00
PO60 0.49 0.60 0.70 0.50
P0O8O 0.69 0.70 0.60 0.70
P120 0.71 0.70 0.60 0.70
P180 0.75 0.70 0.60 0.70
P250A 0.87 0.60 1.00 1.00
P250B 0.86 0.70 0.60 0.70
P350 0.95 0.70 1.00 1.00
P500 0.86 0.70 0.60 0.70
P700 1.19 0.70 1.00 1.00
P900 1.28 0.70 1.00 1.00
C005 0.69 0.70 0.60 0.70
C010 0.75 0.70 0.60 0.70
C020 0.71 0.70 0.60 0.70
C040 0.87 0.60 1.00 1.00
C080 0.86 0.70 0.60 0.70
C160 0.86 0.70 0.60 0.70
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Table 3-2.12. Globally Computed Fuel Burned, Emissions, and Emission Indices by
Aircraft Type for 2015 Scheduled Subsonic Airliners if no HSCT Fleet

Exists
Globally Averaged Emission
Indices
Fuel NOy HC CO EI

File (kg/year) (kg/year) (kg/year) (kg/year) (NOy) EI(HC) EI(CO)
P060 2.63E+09 1.49E+07 1.47E+06 1.45E+07 5.66 0.56 5.50
P080 8.67E+09  6.84E+07 2.91E+06  6.59E+07 7.88 0.34 7.60
P120 1.42E+10 1.04E+08 8.02E+06 1.25E+08 7.37 0.57 8.85
P180 2.35E+10 1.73E+08 5.81E+06 1.23E+08 7.39 0.25 5.25
P250A 2.49E+10 2.15E+08 1.64E+07 1.63E+08 8.64 0.66 6.56
P250B 2.10E+10  1.54E+08 1.39E+07  7.59E+07 7.33 0.66 3.61
P350 4.32E+10 4.53E+08 1.52E+07 1.61E+08 10.49 0.35 3.72
P500 5.25E+10  4.88E+08 1.86E+07  2.23E+08 9.31 0.35 4.26
P700 3.15E+10 3.61E+08 5.11E+06 6.84E+07 11.48 0.16 2.17
P900 229E+10  2.06E+08 4.55E+06  6.52E+07 9.01 0.20 2.85
Total 245E+11 2.24E+09 9.20E+07 1.09E+09 9.14 0.38 4.43
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Table 3-2.14.

Globally Computed Fuel Burned, Emissions, and Emission Indices by
Aircraft Type for 2015 Scheduled Subsonic Airliners if 500 Mach 2.4
HSCTs were in Operation’

Globally Averaged
Emission Indices

Fuel NO, HC Cco El El EI

File (kg/year)  (kg/year) (kg/year) (kg/year) (NOyx) (HC) (CO)
PO60 2.63E+09 1.49E+07 1.47E+06  1.45E+407 5.66 0.56 5.50
P0O8O 8.67E+09 6.84E+07 291E+06 6.59E+07 7.88 0.34 7.60
P120 1.42E+10 1.04E+08 8.02E+06 1.25E+08 7.37 0.57 8.85
P180_with_hsct 2.34E+10 1.73E+08 5.81E+06 1.23E+08 7.39 0.25 5.26
P250A 2.49E+10 2.15E+08 1.64E+07 1.63E+08 8.64 0.66 6.56
P250B_with_hsct 1.64E+10 1.20E+08 1.16E+07 6.25E+07 7.32 0.71 3.82
P350_with_hsct 4.12E+10 4.33E+08 1.49E+07 1.57E+08 10.50 0.36 3.80
P500_with_hsct 4.97E+10 4.03E+08 497E+07 2.42E+08 8.11 1.00 4.86
P700_with_hsct 1.93E+10 2.27E+08 3.89E+06 S5.02E+07 11.77 0.20 2.60
P900_with_hsct 9.43E+09 8.67E+07 2.43E+06  3.32E+07 9.19 0.26 3.52
Total 2.10E+11 1.85E+09 1.17E+08 1.04E+09 8.80 0.56 4.94

*1.00E+08=1.0x108
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Table 3-2.16. Globally Computed Fuel Burned, Emissions, and Emission Indices for
2015 Scheduled Cargo Aircraft’

Globally Averaged Emission

Indices
Fuel NOy HC CO
File (kg/year) (kg/year) (kg/year) (kg/year) EI (NOy) EI (HC) EI (CO)
C005 4.13E+07 3.28E+05 1.49E+04 3.38E+05 7.94 0.36 8.19
C010 1.16E+07 8.99E+04 4.04E+03 8.62E+04 7.72 0.35 7.41
C020 2.54E+07 195E+05 1.84E+04 2.76E+05 7.69 0.72 10.86
C040 4. 57E+08 3.91E+06 2.91E+05 2.89E+06 8.56 0.64 6.34
C080 1.40E+09 1.10E+07 2.06E+06 9.87E+06 7.80 1.47 7.03
C160 3.71E+09 3.36E+07 1.17E+06 1.42E+(07 9.07 0.32 3.84
Total 5.64E+09 4.91E+07 3.56E+06 2.77E+07 8.69 0.63 4.90

*1.00E + 08 = 1.0 x 108
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Figure 3-2.1. Drawing of Mach 2.4 HSCT configuration with dimensions.
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Figure 3-2.2. NOy emissions for a fleet of 500 Mach 2.4 HSCTs as a function of altitude and latitude

(upper panel) and as a function of latitude and longitude (lower ideri
(upper pal g { panel), considering only the HSCT
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Figure 3-2.3. NOy emissions as a function of altitude for Mach 2.4, nominal EI(NOx)=5 (summed over
latitude and longitude).

118



2 T T T l ' T T T ' T

20

-
o

Altitude (km)

-
<

1 L | s Il L 1
1] 20 40 60 80 100
Cumulative fraction of NOx (%)

20 pnt

18

18

-
L 3

-
N

Altitude (km)
s

A . | . | .
) 25 50 75 100
Cumuiative fraction (%)
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Figure 3-2.12. NOy emissions for 1990 scheduled air tratfic (airliner, cargo, and turboprop) as a
function of altitude and latitude (summed over longitude) (top panel) and as a function of latitude and
longitude (summed over altitude) (bottom panel).
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Figure 3-2.13. NOy emissions for projected 2015 scheduled air traffic (airliner, cargo, and turboprop)
as a function of altitude and latitude (summed over longitude)(top panel) and as a function of latitude and
longitude (summed over altitude) (bottom panel) assuming no HSCT fleet exists.
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INTRODUCTION

For over half a century, McDonnell Douglas (MDC) has been manufacturing many of the finest
military and civilian aircraft that were ever built. During these years MDC has acquired an
extensive traffic database and modeling capabilities that were used to support High Speed Research
Program/Atmospheric Effects of Stratospheric Aircraft (HSRP/AESA) emission database
requirements.

This chapter discusses the development of the emission database for military, charter, and
nonscheduled Eastern Europe and Chinese air traffic. Two subsonic scenarios were developed,
one focusing on the worldwide 1990 military, charter, and nonscheduled air traffic data and a
similar scenario for year 2015. A supersonic scenario was also developed for Mach 1.6 HSCT
using the supersonic network mentioned in Subchapter 3-1.

MILITARY AIR TRAFFIC DATABASE
1990 Emissions

Objective

The engineering database of worldwide military air traffic data for 1990 and a complementary
database of associated engine emission indices were developed to be used in the AESA studies.
The military air traffic data are composed of generic aircraft types, locations, flight routes, flight
frequencies, and fuel burn profiles. For the purpose of this study, the emission constituents of
interest are carbon monoxide (CO), oxides of nitrogen (NOx), and total hydrocarbons (HC).
Together, the military air traffic data and the emission data were processed to generate 1990 fuel
burn and emissions grids with a resolution of 1 degree latitude x 1 degree longitude x 1 kilometer
altitude.

Methodology

A. Inventory of Military Aircraft. Several data sources, both United States and international,
were used to develop a worldwide inventory of military fixed-wing aircraft (see references,
including Air Force Association, 1991; Forecast International, 1991; International Media
Corporation, 1990; and International Institute for Strategic Studies, 1989). In general, the aircraft
are grouped by country and then by the mission they perform. For each country, sovereign aircraft
as well as foreign aircraft deployed in its territory are included. Foreign deployment assignments
are also listed for the United States, Figure 3-3.1 shows 138 countries owning about 60,000
aircraft. Notably, three countries, the former Soviet Union, the United States, and China, account
for 51% of the entire fleet. Once the country data are compiled, countries are aggregated into
regions or alliances. Criteria are developed to include only pertinent aircraft. Single-engined
piston aircraft were not considered because of a low cruise ceiling, low power, and small
percentage of the global fleet (about 1%).

B. Aircraft and Mission Profiles. The aircraft in the 1990 worldwide inventory represent
many unique aircraft designs and derivatives numbering in the hundreds. The variety of aircraft in
the inventory range from high-technology, front-line fighter aircraft with state-of-the-art power
plants to vintage transports of the 1940s equipped with radial engines. Many of these aircraft also
have commercial applications; for example, the U.S. Air Force C-9A Nightingale, an aeromedical
airlift transport, is a derivative of the popular DC-9 Series 30 commercial airliner. The approach
undertaken in this study was to use generic aircraft to represent each aircraft type in the 1990
inventory; specifically, for each combination of military mission and region or alliance, a single
notional aircraft was used for all aircraft in that combination.
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Specific missions that were considered included fighter/ground attack, counterinsurgency,
bomber, transport, tanker, trainer, maritime patrol, electronic warfare, and reconnaissance.
Region and/or alliance categories included: United States, NATO (excluding United States) and
non-Warsaw Pact Europe, former Soviet Union, the Warsaw Pact (excluding former Soviet
Union), China, Caribbean and Latin America, Middle East and North Africa, Sub-Saharan Africa,
and other Asian and Australasian countries.

Initially, each region or alliance was sampled such that the total quantity of aircraft possessed
by the countries comprising the sampled constitute at least 50% of the total aircraft in the region.
Then, the distribution of aircraft types for each mission was analyzed. Considerations in the
analysis were given to aircraft characteristics found in Jane’s (1990) and McGraw-Hill (1991),
such as engine quantity, specific fuel consumption, rated power (thrust or horsepower), and type
(turbofan, turbojet, turboprop, etc.); maximum gross weight; wing configuration; performance;
and vintage. A region's generic aircraft for a particular mission reflect the characteristics of the
region's predominant aircraft performing that mission. Figure 3-3.2 illustrates this generic aircraft
development process.

Aircraft mission profiles used in the study were based on standard mission information
contained either in USAF Guide 2 (U.S. Air Force, 1989), MIL-C-005011B (U.S. Air Force,
1977), or the aircraft's performance manual. Sea Power (Navy League of the U.S.A. 1988) and
Air Force Regulation AFR 173-13 (U.S. Air Force, 1989) were also useful for this part of the
analysis. All aircraft were assumed to fly radius missions; i.e., the aircraft flew a fixed distance
along a great circle route and, depending on the mission, either landed and returned to the origin or
returned to the origin without landing. Mission segment elapsed time and distance, altitude, and
cumulative fuel burn were calculated using manufacturers' performance data. As an example,
Figure 3-3.3 depicts a typical mission profile for the A-4 aircraft.

C. Engine Emission Indices. Numerous previous studies have examined the constituents
contained in aircraft exhaust emissions. Therefore, a substantial database of emission indices
exists in the literature. This effort relies primarily on reports for emission indices data including
Pace (1977), Sears (1978), and ICAO Technical Issues Subcommittee (1989b).

This study collected data on three constituents: HC, CO, and NOy, for the engines associated
with the representative aircraft discussed above. For each engine and constituent there is a set of
relevant emission indices. The emission index characteristically varies directly as a function of
throttle setting for NOy, and it varies inversely as a function of throttle setting for both HCs and
CO. In essence, the emission indices measures combustor cleanliness for a given engine cycle.
As an illustration, a set of indices is shown in Table 3.3.1 for the Allison TF-56 turboprop engine.

Much of the previous work on emission indices has focused on concentrations of emissions in
proximity to airports. Therefore, a significant portion of the available data only addresses engine
power settings common to the landing-takeoff cycle: taxi/idle, takeoff, climb, and approach.
Interpolation was used in those cases where data are not available for an appropriate "cruise”
power setting.

D. Aircraft Basing. The amount of detail that could be modeled for the military fleet was
dependent on the limited time and effort available for this task. The amount of time it takes to base
the aircraft in any given country is proportional to the number of aircraft in that country and the
number of bases in that country. A trade study on aircraft basing has shown that it is not practical
to base every military aircraft in the world in its exact location. Additionally, data required for such
a task were not readily available. As a result, the concept of "centrally" basing aircraft has been
adopted.

Centrally located basing is the selection of an airfield at or near the geographic center of a
country and flying all of the aircraft, as represented by the generic aircraft, in the country from that

136



point. This solution was deemed adequate for the gross majority of countries having fixed-wing
military aircraft. For a given country, the base was chosen by selecting from the National
Geographic Society (1981) an airfield near its geographic center. The airfield coordinates were
taken from McDonnell Douglas Corporation (1991). If the airfield is not listed in the report, the
atlas served as the second source. However, because of their size, some countries require
additional bases to more accurately describe their basing status. Three countries in particular, the
former Soviet Union, the United States, and China were not based centrally because of fleet size
and geographic considerations.

The former Soviet Union maintains the world’s largest fleet of military aircraft, the total
accounting for 21% of the entire global fleet. The former Soviet Union was divided into Theaters
of Military Operations: a Central Reserve Theater and a Northern Front Theater. Both were further
subdivided into Military Districts (MD). The aircraft are assumed to be based at or near the center
of their district. Within a theater, the forces not assigned to a particular MD were evenly
distributed between the districts in that theater. The strategic forces, including long-range bombers
and reconnaissance aircraft, were based in this manner.

The U.S. fleet of military aircraft is the second largest in the world, accounting for 19% of the
global military aircraft fleet. For this study, the United States is divided into five regions, as
shown in Figure 3-4. Central basing of each region depends on the mix of operational missions of
the region's bases. For example, if in the U.S. fleet all fighters and other tactical aircraft are
represented by 5000 generic aircraft type F1, and region IIT has 10% of U.S. fighter bases, then
500 type F1 aircraft are based in region III. Naval aircraft are based at appropriate naval bases
within four of the five regions, using basing data from Aviation Advisory Services (various years).
The Marine Corps aircraft are included in the naval force total and distributed accordingly.

The Chinese military aircraft fleet represents roughly 10% of the world's air forces. The
aircraft are mostly variants of dated Soviet designs. Their primary fighter, the J-6, is simply a
Chinese variant of the late 1950s MIG-19. Available data allow for a basing scheme similar to that
used for the former Soviet Union For the 1990 emissions analysis, China was organized into
seven Military Regions and within each region, sub-divided into military districts. Districts
bordering the former Soviet Union and the coasts near Taiwan were assumed to require a higher
concentration of aircraft than others due to political tension. Naval aircraft were based at naval
headquarters within the Guangzhou, Nanjing, and Jinan Military Regions.

For each generic aircraft type, at least three directions of flight were randomly generated.
However, where practical, flights were routed over indigenous territory and not over water. This
depends on the mission range of the aircraft, the geographic location of the country, and the
country's physical shape. Only the naval aircraft of the United States and China are intentionally
directed over water.

1990 Global Fuel Burn Estimate

To estimate the military aircraft contribution to global fuel burn, it was first necessary to
postulate a flight frequency, or utilization rate, for each country's inventory of military aircraft.
Several assumptions were made in order to approximate aircraft utilization rates. Derivation of
global utilization rates (in terms of Flying Hours per Year, or FH/YR) was based on U.S. Air
Force experience.

In any given country, some of its military aircraft were assumed to be operational at some point
during the course of a year. In the United States, maintenance requirements and the existence of
backup or spare aircraft are two reasons why an aircraft may be deemed non-operational. Funds to
support flying hours (and, indirectly, utilization rate) for U.S. Air Force aircraft were based on a
unit's Primary Aircraft Authorization (PAA). According to U.S. Air Force Regulation 173-13,
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(1989), PAA represents the number of aircraft "... authorized to a unit for performance of its
operational mission." Typically, PAA were assumed to be some fraction of the total aircraft
possessed by a unit. The remaining aircraft allow for "... scheduled and unscheduled
maintenance, modifications, and inspections and repair without reduction of aircraft available for
the operational mission." Examining the ratio of operational aircraft to total aircraft for the U.S. Air
Force F-15 and F-16 fleet show roughly 75% of this fighter fleet are available to meet current
flying requirements. This same percentage should apply to aircraft for which the primary role is
pilot training. Higher cost aircraft such as the bombers, large transports, and electronic
surveillance and/or reconnaissance platforms, tend to have a higher ratio of operational aircraft to
total aircraft. For the purpose of this study, 90% has been assumed. U.S. utilization rates per
PAA, based on a sample of representative aircraft programmed flying hours for 1989 from Air
Force Regulation 173-13, are tabulated by mission in Table 3-3.2.

Other countries do not necessarily use their military aircraft at the same rate as the United
States. No data have been located which would allow a comparison with the United States
utilization rate; however, experts (at MDC) in the area of military operations and intelligence have
been consulted and agree that the approximations used, as given in Table 3-3.3, are not
unreasonable for the 1989-1990 time frame.

Combining the above scaled utilization rates with the ratio of operational aircraft to total aircraft
yields an approximation of the annual flying hours by mission for each aircraft within each
country's total fleet, as shown in Table 3-3.4. (the hours have been rounded to the nearest 25).
The above data together with single sortie mission flight time (hours) yield estimates of the annual
frequency of flights (trips/year) per aircraft, plus flight frequencies, mission profiles, and aircraft
inventories can be combined to estimate fuel burn quantities.

2015 Military Scenario Projection

The forecast of military air traffic's contribution to global fuel burn in the year 2015 is
influenced by many considerations. Of primary importance is the quantity and associated
geographic distribution of aircraft present in the 2015 inventory. Any 25-year forecast of global
military aircraft inventories, especially in light of recent world events, is speculative at best. Other
considerations include relative changes in engine efficiency (fuel consumption), and to a lesser
extent, new emission-reducing technologies incorporated into the military aircraft fleet.

To derive the 2015 inventory, the basis shifted from a 1990s country-by-country focus to a
regional focus. The United States, the former Soviet Union, and China are still forecast
individually; however, all remaining nations are included in one of five regions: Asia, Europe
(includes Canada and former Warsaw Pact nations), Latin America, Middle East/North Africa, and
Sub-Sahara Africa.

The forecast is based on a review and subsequent subjective amalgamation of many data
sources including Correll (1991), Forecast International (1991), Lorell (1992), and Nation (1990,
1991, 1992). Some underlying themes appearing consistently among the varied sources of data
include: the United States, NATO, and the former Soviet Union will see significant reductions in
military aircraft force levels (on the order of 30%) by the year 2000; fewer new military aircraft
programs will ever reach the production phase (and those that do will have experienced substantial
schedule slips from original plans); and global war is now relatively unlikely, although regional
conflicts will likely continue to pop-up and may even increase in frequency.

All military aircraft in the 2015 forecast were based in eight regions: United States, Europe, the
former Soviet Union, Asia, Middle East/Northern Africa, China, Latin America, and Sub-Saharan
Africa. The generic aircraft and standard mission profiles used to represent a region's military
force structure in 2015 are similar to the 1990 generic aircraft with some adjustments for
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improvements in fuel consumption. As in the 1990 fleet, headings are randomly generated,;
however, they are not restricted by water or hostile nation influences, and six headings per origin
rather than three are used.

CHARTER AND UNREPORTED NONSCHEDULED TRAFFIC

Background

The database development for global distributions of exhaust emissions from two segments of
commercial air traffic: charter and unreported nonscheduled traffic for Eastern Europe and China,
are described in this section. Unreported in this context means that this traffic is not reported in the
Official Airline Guide (OAG).

Commercial air traffic is composed of both scheduled and charter (nonscheduled) services.
The scheduled services have evolved over time into fairly stable global distribution patterns. On
the other hand, the charter services do not show such stability. The world traffic forecast of
charter traffic, shown at Figure 3-3.5, identifies five domicile origin regions: Europe, Far East,
Latin America, Middle East & Africa, and North America. Notably, the European and North
American regions originate most of the traffic, with negligible traffic originating in the other
regions. As a rule-of-thumb the charter traffic magnitude is about 10% of the total global
scheduled traffic.

The unreported domestic scheduled traffic in the former Soviet Union, China, and the Eastern
Europe nations (hereinafter collectively referred to as the Eastern Block) also needed to be included
to complete the commercial air transport traffic coverage. Aeroflot is one of the world's largest
airlines, and its domestic network is of transcontinental proportions and contributes a substantial
amount of traffic to the global total.

This section describes the synthesis of representative models of the global charter traffic and
the Eastern Block's unreported scheduled domestic traffic, the selection of generic aircraft, and the
development of fuel burn and emission byproducts estimates. Objectives in the development of
this database included: to assemble an origin-destination matrix representing a normalized global
distribution of charter traffic; to determine the origin-destination pairs that reflect the most frequent
actual combinations used by the charter operators; to develop model networks to simulate global
charter traffic and the unreported scheduled domestic traffic of the Eastern Block for both 1990 and
2015 scenarios; to determine fuel consumed by appropriately selected generic aircraft when
simulated on the model networks; and to develop estimates of both fuel burn and levels of emission
byproducts, specifically CO, NOy, and total HC.

Data on Charter and Nonscheduled Air Traffic

Since the Russian airline Aeroflot is the dominant carrier of the Eastern Block, its domestic
network structure forms the kernel of the Eastern Block unreported scheduled domestic traffic
model. The network structure derived from Aeroflot's July 1990 domestic passenger flight
schedules yields 264 routes with a wide range of service frequencies and a relatively small
equipment list. Analysis shows that the top 86 routes, by frequency of service, can adequately
represent the geographical distribution of Aeroflot's domestic network. The final network model
includes six additional routes to account for the remaining Eastern Block and China traffic. The
total traffic for year 1990 equaled 149.73 billion annual seat miles (ASM).

Charter traffic data are usually presented in the aggregate form, which obscures the actual

origin-destination information. There is no publication similar to the OAG that identifies charter
origin-destination traffic. Since greater than 90% of the charter traffic originates in the European
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and North American regions, the literature search focused on these two regions to identify relevant
data sources.

ICAO (1990) reports annual statistics on charter traffic carried by 128 reporting airlines
originating from 68 countries. The traffic statistics cover both passenger and system performance
measures. These data form the basis for distributing the total regional data among the respective
constituent countries.

Belet and de Daunant (1990) discuss the potential development of the European Charter
operations under the umbrella of the emerging common market. The report presents distributions
of passenger traffic from three major European charter traffic generators (Britain, Germany, and
France) to 30 countries around the world. This information is the foundation for the European
origin-destination traffic distribution matrix.

Statistics Canada (Canadian Government Publishing, 1989) presents detailed statistics for
charter traffic from Canadian airports to all regions and specific destinations. The top four
Canadian origins and the top three destination regions (composed of 23 specific destinations)
constitute the Canadian portion of the North American origin-destination traffic distribution matrix.

Center for Transportation Information (1990) report is similar to the Canadian report. It shows
the top charter traffic destinations, ordered by number of passengers. It also indicates that the top
15 United States airports originate 93% of the United States charter traffic. These 15 origins and
the top 31 destinations make up the United States portion of the North American origin-destination
traffic distribution matrix.

1990 Traffic Network Models

The global 1990 charter origin-destination traffic distribution matrix is obtained by first
normalizing each regional traffic distribution matrix to account for regional 1990 traffic levels and
then by merging the regional matrices. The normalization procedure provides the flexibility to
adjust the global and regional traffic levels as necessary. For the network model, an OAG airport
code and corresponding geographical coordinate identify each origin and destination. From the
geographical coordinates, origin-destination great circle distances can be derived. Only 298 origin-
destination pairs are active out of the 652 possible combinations. Figure 3-3.6 shows the resulting
global distribution, by range, of these active combinations. The top 100 origin-destination pairs,
in terms of Revenue Passenger Kilometers (RPK), appear to be a fair representation of the range
distribution; thus, they form the basis for the charter traffic network model. The 1990 traffic level
forecast, approximately 189 billion RPK, populates the 100 origin-destination pair network and
results in a generic fleet size of 540 units to satisfy the network.

The 92 origin-destination pair network model for the Eastern Block's scheduled domestic
traffic was populated with 87 billion ASM to account for 1990 levels of traffic.

2015 Traffic Network Model

The 100 origin-destination pair charter traffic model for the 2015 scenario shows 392 billion
RPK. Forecasted regional growth factors were used to allocate the total traffic to appropriate
regions. For the 2015 scenario, the scheduled domestic traffic of the Eastern Block was assumed
to follow the same route patterns established in the 1990 model. The total traffic for this sector
was projected at 166 billion ASM. Both the charter and Eastern Block traffic models for 2015 use
the same generic aircraft as the respective 1990 scenarios.
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Fleet Aircraft

Aircraft with many capacities, ranges, and vintages constitute the 1990 global charter fleet.
The distribution of aircraft in the European charter fleet (Belet and de Daunant, 1990) provides a
good indication of this aircraft mix. Figure 3-3.7 and Figure 3-3.8 show the composition of
narrow-body and wide-body aircraft in this fleet, respectively.

McDonnell Douglas maintains an extensive database of generic aircraft used for modeling
purposes. Six generic aircraft were selected from this database to represent the distribution of
aircraft in the charter fleet: 2NBL, less than 1500 NM range and less than 136 passenger capacity;
3NBL, 1500-2500 NM range and less than 136 passenger capacity; 4NBS, 2500+ NM range and
less than 136 passenger capacity; 4NBL, all ranges and 136-172 passenger capacity; 3WB, less
than 2500 NM range and 172+ passenger capacity; and 4WB, 2500+ NM range and 172+
passenger capacity.

Similar to the above, three additional generic aircraft were chosen for the Eastern Block
scheduled domestic traffic network model: the ILW, TU5, and TU3. There is no explicit range
and/or capacity-driven assignment logic. In most cases, the generic aircraft assigned to a specific
route has characteristics similar to the aircraft actually employed on the route. See Figure 3-3.9 for
the relative distribution of aircraft types in the Eastern Bloc domestic scheduled fleet.

The same generic aircraft (and therefore fuel consumption rates and emission indices) were
used in the year 2015 traffic network models as were used in the 1990 models. Historically,
charter operators provide their services with equipment retired from service by the scheduled
carriers. The generic aircraft in the 1990 charter scenario are not appreciably different from those
aircraft in the 1990 scheduled carrier fleet. While there will of course be some charter fleet mix
changes from 1990 to 2015 (1990 vintage equipment will replace some of the older charter
aircraft), it is expected that the impact of these changes on global emissions will be relatively
minor, especially when considering the fraction of total traffic that charter traffic represents.
Forecasting changes to the Eastern Block fleet mix is difficult because of the large uncertainties that
exist with respect to the existing fleet composition, changes to the existing ground transportation
infrastructure, etc. Rather than introducing an additional source of variability, no changes were
made to the 1990 aircraft for developing the 2015 Eastern Bloc scenario.

Fuel Burned

For each route defined by an origin-destination pair, the traffic model logic assigns a single
generic aircraft type to absorb all annual traffic. The 1990 and forecast 2015 traffic between
origin-destination pairs, generic aircraft capacity, and regional load factors defined the number of
flights that must be completed annually to absorb all allocated traffic. Block fuel, and block time
equations (both functions of great circle distance) were available for each generic aircraft. Block
fuel is the sum of ground maneuver fuel, climb fuel, cruise fuel, descent fuel, and approach fuel.
Block time is defined in a similar manner. These performance equations, together with the number
of flights, provided annual estimates of fuel burn and aircraft hours for each route in the 1990 and
2015 traffic network models.

An aircraft's fuel burn on a route is not linear with distance. For the ground distance covered,
an aircraft uses a relatively large amount of fuel in the initial climb. Similarly, an aircraft burns a
relatively small amount of fuel while flying typical descent schedules. Taxi-out and takeoff
operations concentrate fuel burn at the origin, while approach, landing, and taxi-in operations
concentrate fuel burn at the destination. Although fuel consumed during the initial climb and
descent phases of flight depends on factors such as initial cruise altitude, final cruise altitude,
takeoff gross weight, and landing gross weight, constant amounts typical of each generic aircraft's
class have been assumed for both the climb and descent phases of flight. Therefore, representative
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values for engine start, taxi-out, takeoff, climb, descent, approach, land, and taxi-in fuel burns
were subtracted from block fuel. Similarly, representative climb and descent distances are
subtracted from the great circle distance. The remaining block (or cruise) fuel was then allocated
over the remaining great circle distance. Next, the fuel burn is allocated to the appropriate altitude.

Several considerations influence an aircraft's cruise altitude including segment range, aircraft
operating characteristics, type of cruise (step-climb, cruise-climb, constant altitude cruise, etc.),
wraffic, weather, and direction of flight. This analysis assumed that aircraft operate using either
constant altitude cruise or cruise-climb profiles at altitudes representative of current operations.
These altitudes range from 15,000 feet for short-range, twin-jet operations to 37,000 feet for
long-range, wide-body operations. All cruise fuel was linearly allocated between the initial and
final cruise altitudes.

Emission Indices

Conversion of pounds fuel consumed into estimates of emission byproducts require an
emission index for each engine and constituent of interest. This study analyzed the emission
byproducts CO, NOy, and total HC. An emission index measures mass of constituent produced
per mass of fuel burned and typically is depicted as a function of engine power setting, percent of
takeoff thrust, or fuel flow rate . The NOy index characteristically varies directly as a function of
engine power setting, while the CO and HC indices vary inversely as a function of engine power
setting. In essence, the emission indices measure combustor cleanliness for a given engine cycle.

Because block fuel and block time estimates are available, the average fuel flow rate is
determinable for any route. Weighing this average fuel flow rate by the annual departures gives an
annual weighted average fuel flow rate for each aircraft. This is the key into the emission indices
tables. With fuel flow rate as a proxy for engine power setting, linear interpolation yields an
estimate for the index values. Table 3-3.5 shows the emission indices used for both traffic
scenarios.

MACH 1.6 EMISSION SCENARIO

The global atmospheric emissions from a future proposed Mach 1.6 High-Speed Civil
Transport (HSCT) was developed using the supersonic network (market, routing, and fleet size)
described earlier (in Subchapter 3-1). The Mach 1.6 scenario draws upon MDC configuration
design studies, Pratt and Whitney/General Electric (P&W/GE) engine cycle data (STF-1015 Mixed
Flow Turbo Fan), and the aforementioned supersonic network to provide predictions for the
amount and distribution of exhaust emissions.

Configuration Design Studies

Configuration design studies provide the Mach 1.6 airplane performance predictions, including
the amount, altitude, and down-range distance of engine emissions. MDC calculated the
performance of the combined airframe and engine. Inlet conditions at the engine face were first
provided to P&W and GE. Given the inlet conditions, P&W and GE provided uninstalled engine
thrust, fuel burn, and nozzle exhaust emission constituents. MDC accounted for engine installation
and operational effects on engine and airframe performance, which are integrated with the airframe
design to create final HSCT performance predictions.

Previous Mach 1.6 design optimization studies developed the configuration shown in Figure 3-
3.10. This configuration design was updated with the latest technology predictions, consistent
with Douglas Mach 2.4 baseline studies The design range was 5000 nautical miles with 15%
subsonic over land. A new Mach 1.6 engine cycle was integrated into the design.



P& W/GE Engine Cycle Data

The Mach 1.6 engine cycle data were provided by P&W using the joint P& W/GE ground
rules. P&W provided a Mixed Flow TurboFan (MFTF) cycle employing low NOy combustor
technology. The Mach 1.6 ground rules and combustor technology were consistent with Mach 2.0
and 2.4 technology.

Calculation of Exhaust Emissions

Once the configuration design and marketing/economic studies are completed, the final HSCT
design was flown throughout the supersonic network, and exhaust emission constituents were
distributed across the globe. Performance data from the configuration design studies were used to
develop parametric formulas for calculating fuel burn and altitude during climb and cruise; and
also, fuel burn constants for takeoff, landing, and descent. The parametric formulas and constants
were assembled into an input file that describes the altitude and fuel burn as a function of distance
between the cities and/or way points. The global fuel burn information was then converted to
emission constituents with a second input file that describes the emission indices, EI, as a function
of altitude. The fuel burn distribution for each route was calculated and then distributed in latitude
and longitude across the global atmosphere, traveling in both directions. As the emissions of NOx
(as NOg2, at molecular weight 46.01), CO (at molecular weight 28.01), and HC (as methane, CHg,
at molecular weight 16.04) were calculated for each one kilometer altitude along the route, the
emissions were assigned to the routed one degree latitude/longitude grids across the global
atmosphere. In this manner, emission constituents were distributed in the same way the airplane
actually flies each route. Additionally, different formula coefficients and constants can be
calculated to assess other configurations (formula coefficients and constants are proprietary to
MDC).

DEVELOPMENT OF EMISSION DATABASE
Method Summary

Formation of an emission grid database required development of a procedure that transformed
fleet scenario data into a worldwide emission grid. The procedure consists of three basic steps: 1)
assignment of fleet route description segments to grid latitude/longitude elements, 2) assignment
of grid latitude/longitude fuel burn to grid altitude elements, and 3) calculation of resultant
molecules from fuel burns within grid elements.

Each of these processing steps provides a unique product required during the development of
the database. Specifically, Step 1 considers individual fleet routes and determines detailed mission
descriptions within grid elements. Step 2 utilizes this product to compile fleet composite fuel burn
at altitude profiles within grid elements. Finally, Step 3 employs these fleet fuel burn products to
calculate total molecule production within grid elements.

Fleet scenario profiles provide the basis from which the emission processing evolves. The first
step of the procedure assigns individual route segments to | degree x | degree worldwide grid
elements. For a unique fleet type, each route assigned to the fleet is analyzed. The
origin/destination coordinates of a route define a great circle. Usin g the great circle route, distances
between 1 degree longitude bands are calculated. Similarly, within these calculated longitude
bands, distances at 1 degree latitude intervals are subsequently calculated for each of these
longitude/latitude subelements of the route. Routes that are not great circle routes (i.e., route
diversions) are broken into their segmented route elements. Each of these segments forms a
subroute (which is then treated as a great circle route) and is then re-analyzed as previously
described. Each of these subroutes is then re-combined to its original segmented description for
continuing processing.



Following calculation of elemental distances for an individual route, a re-evaluation of the route
fuel/altitude profile is performed. The raw fleet input data for a route provides a gross fuel/ altitude
profile, within which significant action points (i.., departure, climb/descend, cruise, land) along
the route are provided. Using the grid elemental distances, an interpolation of the gross profiles is
performed to provide grid element fuel/altitude/range profiles. Once this interpolation is
completed, the output product is sorted into ascending longitude grid elements for use in Step 2.

The two-dimensional fleet route/profile data file product from Step 1 is used in Step 2 for
developing the worldwide fuel/altitude profiles for an individual fleet. Each grid element
containing fleet route activity is analyzed to define total fuel usage between zero and 100,000 feet,
at 2000-foot intervals.

For each grid element, all routes navigating an element have their fuel/altitude profiles
interpolated throughout the altitude range. A composite total of the fuel burn within an altitude
interval is maintained until all routes through the element are analyzed. The element's fuel/altitude
profile is written to an intermediate output file for Step 3 processing. This procedure is repeated
for all active grid elements.

The fleet scenario data in addition to the operational profiles, also provides engine emission
indices assignable to the fleet's characteristic engine. The emission index, as provided, defines the
number of pounds of emission product created per kilo pound of fuel burned. The fleet's engine
indices are further described by the altitude levels of operation representative of composite engine
operating levels (i.e., takeoff, climb, descent, cruise). These indices, in combination with the
composite altitude/fuel burn profile developed from Step 2, are used in Step 3 10 ultimately yield a
worldwide assessment of CO2, NOy (in NO; equivalent), and total HC (represented as CHa)
emissions from aircraft fuel burns.

Using both the fuel burn/altitude profiles created in Step 2 for an aircraft fleet, and with the
corresponding fleet's engine indices, the total molecule production of interest can be calculated
from the following:

« Total Emission Product = Total Fuel Burn x Pounds of Emission Product/1000 pound Fuel
Burn

« Total Molecules = Total Emission Product x Kilogram/Pounds x Molecular Weight x
Molecules/Mole

This computation is performed for all active cells within a fleet’s inventory. Once all individual
fleet emissions are developed, a last pass through this processing step is performed. This
computation cycle accumulates contributions of the individual fleets into a single worldwide
distribution. This worldwide distribution, with a resolution of 1 degree x 1 degree x 1 kilometer,
is written to the final output file for subsequent electronic transmission to NASA Langley.

Methodology Validation

During development of the emission grid database procedure, specific required tasks were
identified within each of the processing steps. These specialized tasks are performed by software
units. To ensure that each unit performed its assignment, each unit was tested in a stand alone
environment prior to incorporation within a software processing module. This testing energized all
branches within the unit and considered extremes of operation. In addition, it provided a level of
detail from which direct comparisons to manual results were made. Following completion of unit
testing, testing of the software processing module was performed. This testing verified both
communications between units was correct, and overall performance was acceptable. This testing
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used results from unit testing and comparisons to earlier two dimensional validated emission
results.

Following completion of processing module tests, overall procedural testing was performed
using 1990 study results. The objective of this testing was verification of communications
between processing modules. Upon conclusion of these tests, 1992 MDC scenario data were
processed. Comparisons were made of scenario fuel burns reported by the emission processor to
those predicted via an independent procedure. In addition, comparisons were made between
overall MDC and Boeing scenario data. This comparison did reveal an initial difference between
molecular weights of constituents. The MDC scenario was subsequently updated to reflect the
current constituent molecular weights.

Data Transmittal

The MDC data submittal for the 1990 and 2015 scenarios consisted of electronic transfer of 42
global emission files and 9 global fuel burn files. The 1990/2015 MDC scenarios described global
emissions in a 1 degree latitude x 1 degree longitude x 1 kilometer grid. Three classes of files
were developed describing emissions from worldwide military traffic, charter traffic, and from
other scheduled traffic originating within both the former Soviet Union and China. A fourth data
set, representing the composite of the above, was additionally generated. Within each of these
classes, individual files (12 total) that describe global emissions for NOy, HC, and CO were
provided. For future analysis of other emission products, fuel burn distributions for each class (4
files) were also provided.

The MDC 2015 scenario consisted of generation of a parallel set of files (three classes and
subsonic composite) and additionally contained a Mach 1.6 HSCT class of emissions. The HSCT
was characterized as having three baseline NOyx cruise emissions (i.e., NOx = 5.0, 10.0, or 15.0).
Consequently, nine emission files were provided for the HSCT class.

Data Overview

Tables 3-3.6 and 3-3.7 present a comprehensive summary of the fuel burns and contributions
of each emission constituent for both the 1990 and 2015 scenarios. Figures 3-3.11 thru 3-3.18
depict geographic composite fuel distributions for both the 1990 and 2015 MDC scenarios. These
figures show MDC scenario fuel usages occur primarily within the northern hemisphere,
principally within the midlatitudes. This is not an unexpected consequence of the location of the
three principal military powers (United States, the former Soviet Union and NATO/WARSAW
Europe). The MDC 1990 scenario is dominated by the military class (64% of total fuel and 65% of
NOy). Although a substantial reduction in military flights in 2015 has been predicted, the military
sector remains dominion for subsonic emissions (41% and 42% of total fuel and NOy
respectively). The MDC Mach 1.6 HSCT contributes over 66% to the combined 2015 fuel usage,
and 56% of the total NOy. In addition to the fuel growth for the northern hemisphere, the HSCT
mission network also provides fuel growth into Oceana.

Figures 3-3.19 thru 3-3.21 present cumulative fuel burn versus altitude for each component
(i.e., military, charter, other, and Mach 1.6 HSCT) for both the 1990 and 2015 scenarios. Three
generic aircraft were used to model the Eastern Bloc domestic traffic not accounted for in the OAG.
One generic aircraft in particular (Tu-5) dominates the scenario. The long-range routes and the
cruise altitudes assumed, as well as the distribution of traffic in the network model, result in a
relatively higher percentage of fuel being burned at high altitudes when compared to the charter and
military scenarios where single aircraft or flight profiles do not dominate.

Similarly, Figures 3-3.22 thru 3-3.24 present cumulative emissions of NOx versus altitude for
both scenarios. Emissions of total HC and CO exhibit nearly identical profiles. Figures 3-3.25
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thru 3-3.33 present average scenario emission indices at altitudes for each component. With
respect to Figure 3-3.27 altitudes for supersonic climb and subsonic cruise overlap, so the climb
Els shown are averaged with the subsonic cruise Els, where power settings are low. Additionally,
SUPErsonic cruise occurs at nearly maximum power setting.

Table 3-3.1. Emission Indices for the Allison TF-56 Turboprop Engine

Carbon Oxides of Hydro-
Power Fuel Flow Monoxide Nitrogen* carbons
Setting Rate (kg/hr) (gm/kg) (gm/kg) (gm/kg)
Idle 249 31.9 3.8 21.0
Approach 478 3.5 7.4 0.5
Intermediate 865 2.4 9.2 0.5
Military 943 2.1 9.3 0.5

*NO, emission index in gm of NO, as NO, emitted per kg of fuel.

Table 3-3.2. Representative U.S. Utilization Rates Per Primary Aircraft Authorized,
by Mission Category

Mission Annual Flying Hours
Fighter/Attack 332
Transport 676
Bomber 374
Trainer 546
Tanker/Reconnaissance/Other 335
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Table 3-3.3. Assumed Utilization Rates of Military Aircraft as a Percentage of U.S.

Utilization
Region/Alliance Relative Utilization
NATO 100%
Warsaw Pact 75%
China 50%
Other 50%

Table 3-3.4. Annual Flying Hours Per Aircraft in Inventory by Mission and by Region
or Alliance (Rounded to Nearest 25)

Mission NATO Warsaw pact China/Other

Fighter/Attack 250 175 125

Transport 600 450 300

Bomber 325 250 175

Trainer 400 300 200

Tanker/Reconnaissance/ 300 225 150
Other
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Table 3-3.5. Charter and Eastern Block Scenarios Emission Indices
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Table 3-3.6. Results of 1990 Military, Eastern Block, and Charter scenarios

(Amounts Shown are Annual Totals)

Carbon Oxides of
Fuel Burn Monoxide Nitrogen Hydrocarbons
Sceanrio (kg x 109) (mol.x 1033) (mol.x 1033) (mol.x 1033)
Military 26.02 2.55 10.46 7.10
Eastern Block 8.28 0.65 1.77 0.82
Charter 6.65 0.79 0.74 0.15
Total 40.95 3.98 12.96 8.06

Table 3-3.7. Results of 2015 Military, Eastern Block, Charter, and Mach 1.6 HSCT
scenarios (Amounts shown are annual totals)

Carbon Oxides of

Fuel Burn Monoxide Nitrogen Hydrocarbons
Sceanrio (kg x 109) (mol.x 1033) (mol.x 1033) (mol.x 1033)
Military 20.58 1.93 8.72 6.94
Eastern Block 15.79 1.23 3.36 1.55
Charter 13.49 1.60 1.56 0.34
Subtotal 49.86 4.76 13.64 8.83
Mach 1.6
HCT* 99.13 5.99 6.20 1.12
Total 148.99 10.75 19.84 9.95

* Amounts are for scenario with NO emission index = 5.0.
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Two-way Sample

B

Region
U.S. China
Warsaw Pact NATO
Middle East USSR

Latin America Africa
Non-aligned Europe
Asia

Considerations

Generic Aircraft
Development

Mission

Fighter/Attack
Transport

Bomber

Trainer
Reconnaisance/Other
Tanker

# Of Engines

Thrust per Engine
Engine Type (Fan, Jet, Prop, Etc.)
Maximum Gross Weight

Vintage

Generic Rep. Multi-
Type AC plier

Subjective Assessment

A

F5 A-4 1.3

TR7A A-4 0.8

T4 F-27 1.2

TK1A KC-135 1.0

Representative Aircraft

A-4M
AV-8A
F-8J
P-3C

A-10A
F-4C/D/E

F-15A/B/C/D

F-16A/B
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DC-3/4
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Figure 3-3.2. Generic aircraft development process.
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Figure 3-3.3. Representative mission profile for the A-4M military aircraft.
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Figure 3-3.10. Contiguration for a Mach 1.6 HSCT as updated in recent design optimization studies at

McDonnell Douglas.
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Figure 3-3.12. Total annual fuel distribution within the northern half of the western hemisphere in

1990 for the military/charter/Soviet scenario.
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1990 for the military/charter/Soviet scenario.
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Figure 3-3.17. Total annual fuel distribution within the southern half of the eastern hemisphere in
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INTRODUCTION

This subchapter describes the completed database for the 1993 HSRP/AESA Interim
Assessment scenarios. The consistency checks and validation studies done on the completed
database are also described, along with an evaluation of the strengths and weaknesses in the
database. Finally, there is a description of future needs for improvements and further studies with
the scenarios’ development capabilities that have been developed.

COMPLETED EMISSIONS DATABASE

Individual components of the HSRP aircraft emissions database developed by Boeing and
McDonnell Douglas Corp.(MDC) were delivered electronically to the Upper Atmosphere Data
Program (UADP) system at the NASA Langley Research Center (LaRC). UADP personnel
assembled the components into scenario data ssts for use in the assessment modeling activities.
The component data sets were on a standard 1 degree longitude x 1 degree latitude x 1 km
geopotential altitude grid, and each data set included four basic parameters: fuel burn, NOy
emissions, HC emissions, and CO emissions. The processing steps involved in developing final
scenario data sets are outlined below.

The component data sets were put into common units and file formats and then were used to
develop standard two-dimensional scenario data sets comparable to the two-dimensional models
being used in the HSRP interim assessment. An aggregation over longitude was done for each of
the data components to transform them into 1 degree latitude x 1 km altitude zonal files. At this
point, the appropriate components were combined to provide seven basic scenario data sets
(Scenarios A through G) as summarized in Table 3-1.1. These scenarios cover the range from a
reference 1990 case composed of a subsonic fleet (Scenario A) to the 2015 case combining a
subsonic fleet with a very high NOx HSCT case (Scenario G). It should be noted that Scenario G
is not produced from an engineering analysis of a high NO, combustor, but is a scenario
constructed for parametric studies by scaling NOy emissions for the HSCT Mach 2.4, EI=15, case
up by a factor of three.

Preparation of specific scenario data sets for input to the assessment models required
transforming the standard two-dimensional scenario data onto the grid used by each particular
model. To ensure uniformity, UADP personnel performed this transformation for each model.
Transformations of the data were done first in the latitudinal direction and then in the vertical. In
all cases, the model grid sizes were as large as or larger than the standard grid, and the
transformation process was primarily one of summing. For example, latitude bin sizes for the six
participating models were between 5 and 10 degrees as compared with the standard 1-degree grid.
In cases where the standard grid did not line up with the boundaries of a model grid, linear
interpolation was used to apportion emissions into the appropriate cells. The vertical dimension for
the emission grid was geopotential altitude, based on the 1976 United States Standard Atmosphere,
and most of the models use pressure for the vertical dimension. The 1976 Standard Atmosphere
was used to relate the pressure levels of each model to the altitude grid of the emissions data.

SUMMARY OF COMPLETED DATABASE

A series of quality checks and validations were performed in developing the scenario data sets.
Global sum values for each parameter and each component or scenario were checked at every
processing step to ensure conservation of emissions. Maximum values of fuel burn and NOy
emissions for each scenario were examined for consistency. Table 3-4.1 shows the global sum
values for each component and for the combined scenarios. For total emissions, the subsonic fleet
is the largest contributor in 2015, except for the Mach 2.4, EI=45 case where HSCT emissions are
larger than the subsonic component. The subsonic fleet is dominated in both 1990 and 2015 by the
scheduled airline component. For the 2015 cases, the two largest emission contributors are the

hes B sy
PRECEDING PAGE BLANA [OT FEMED



scheduled airline and HSCT components, with HSCT emissions accounting for about 17%
(EI=5), 37% (EI=15), or 64% (EI=45) of the total NOx emissions for these scenarios. Scenario
A, representing the 1990 subsonic fleet, and Scenario B, representing a 2015 subsonic fleet in the
absence of HSCTs, have NOx emissions of 1.46 x 109 kg/yr and 2.70 x 10° kg/yr, respectively.
In comparison, Scenarios C and E include HSCT fleets achieving the nominal EI=5 NOyx emission
goal and have NOy emissions of about 2.8 x 109 kg/yr. Table 3-4.1 also illustrates the two
different scheduled airline data sets used in developing 2015 scenarios. The first set, which
assumed no HSCT fleet, was used for Scenario B and has a fuel burn of 245 x 109 kg/yr and NOy
emissions of 2.24 x 109 kg/yr. The second set, used in the 2015 HSCT cases (Scenarios C
through G), accounts for a reduced subsonic fleet in the presence of an HSCT fleet and has a fuel
burn of 210 x 10 kg/yr and NOx emissions of 1.85 x 10% kg/yr. Thus, in the absence of an
HSCT fleet, subsonic fleet NOx emissions are projected to rise by about 85% over those in 1990.
If an HSCT fleet is present, subsonic fleet NOx emissions are still projected to rise by about 60%
over 1990 levels.

Two kinds of graphical checks were made on the overall scenario datasets. Latitude-longitude
cross section plots of fuel burn and of NOx emissions, summed over altitude, were examined to
ensure that route structures and global distributions were represented properly. Similarly, latitude-
altitude cross sections, corresponding to the data sets used in the model assessment calculations, of
fuel burn and NOx were examined to ensure that vertical distributions looked reasonable.

Figures 3-4.1 and 3-4.2 illustrate the latitude-longitude distributions of NOy emissions for
three representative scenarios. In Figure 3-4.1, the top panel shows NOy emission distributions,
summed over altitude, for the 1990 fleet (Scenario A). The bottom panel shows NOy emission
distributions, summed over altitudes up to 13 km for Scenario F and can be viewed as
representative of a 2015 subsonic fleet in the presence of an HSCT fleet. Comparison of the two
panels shows qualitatively the projected increase in lower altitude emissions in 2015 relative to
those in 1990. Figure 3-4.2 shows NOy emissions summed above 13 km altitude for Scenarios D
(upper panel) and F (lower panel) and illustrates the route structure assumed for an HSCT fleet.
The distributions for the Mach 1.6 HSCT (Scenario D) and the Mach 2.4 (Scenario F) are
essentially the same since they were assumed to be flying the same route structure and have, as
seen from Table 3-4.1, similar total NOx emissions. The HSCT network was developed with a
ground rule that there be no supersonic flight over land, and Figure 3-4.2 illustrates this. In all
cases, northern hemisphere routes dominate the network.

Figures 3-4.3 and 3-4.4 illustrate the two-dimensional (latitude and altitude) distributions of
NOy emissions for four scenarios. Figure 3-4.3 contrasts the 1990 subsonic fleet (upper panel)
with the 2015 subsonic fleet assuming no HSCT fleet (lower panel). Figure 3-4.4 contrasts the
2015 scenario including a Mach 1.6, E1=15, HSCT (upper panel) to the similar Mach 2.4 HSCT
scenario. In all cases, the largest amount of emissions are seen in the 30°N to 60°N latitude
region. NOy emissions peak in the 10 to 12 km altitude region, and Figure 3-4.3 clearly shows the
projected increase in NOx emissions in this altitude region by 2015. Figure 3-4.4 illustrates the
secondary peak in emissions related to HSCT operations which occurs in the 15 to 17 km region
for a Mach 1.6 HSCT (upper panel) and around 19 to 21 km for a Mach 2.4 HSCT. Figure 3-4.4
also illustrates that the HSCT peak emissions tend to be centered around 50°N while the subsonic
peak emissions are centered more around 35°N to 40°N.

Figures 3-4.5, 3-4.6, and 3-4.7 focus specifically on the latitudinal distribution of NOy
emissions. Figure 3-4.5 shows the data of Figure 3-4.3 summed over all altitudes and illustrates
the similar latitude distribution of emissions from the 1990 subsonic fleet (solid lines) and the 2015
subsonic fleet in the absence of an HSCT (dashed lines). The lower panel shows cumulative
fraction of NOy emissions going from southern to northern latitudes and indicates that the
increased 2015 subsonic fleet does tend to push the distribution of emissions somewhat towards
more southern latitudes. Figure 3-4.6 provides the latitude distribution of projected 2015
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emissions for the Mach 1.6 scenarios for altitudes below 13 km (solid lines) and above 13 km
(dashed lines). Figure 3-4.7 shows projected 2015 emissions for the Mach 2.4 scenarios in the
same fashion. The tendency for HSCT peak emissions to occur at more northern latitudes than the
peak subsonic emissions is shown in both figures. Contrasting the upper left and lower left panels
in each figure illustrates the increase of NOx emissions with increasing EI. The right panels in
both figures show cumulative fraction of NOy emissions. The latitudinal spread of HSCT
emissions can be seen to be both toward 50°N to 60°N and toward the region between about 5° N
and 30° N with a smaller fraction of the NOy emissions occurring between 30°N to 45°N than is
the case for the lower altitude subsonic emissions. In all cases, most of the emissions occur in
northern midlatitudes.

Tables 3-4.2 through 3-4.7 and Figure 3-4.8 focus specifically on the altitude distribution of
NOy emissions which for ozone effects is the more critical aspect.  Each of the tables shows detail
for fuel burn as well as NOy, hydrocarbon (HC), and carbon monoxide (CO) emissions as a
function of altitude at the 1 km resolution of the standard scenario data sets. Tables 3-4.2 and 3-
4.3 show the subsonic scenarios A and B. As illustrated in Figure 3-4.3, the subsonic emissions
peak between 10 and 12 km with more than 99% of the emissions occurring below 13 km. Details
are provided for the Mach 1.6 HSCT scenarios C and D in Tables 3-4.4 and 3-4.5 and for the
Mach 2.4 HSCT scenarios E and F in Tables 3-4.6 and 3-4.7. For the Mach 1.6 cases, emissions
above 13 km account for about 14% (El=5) and 32% (ElI=15) of total NOy emissions. As
illustrated earlier, the Mach 1.6 emissions are strongly peaked between 15 and 17 km with about
60% of the NOx emissions above 13 km occurring in this 2-km region. For the Mach 2.4 HSCT
scenarios, emissions above 13 km account for about 12% (EI=5) and 27% (EI=15) of total NOy
emissions. These emissions are strongly peaked in the 19 to 21 km altitude band with about 65%
of the emissions above 13 km being found in this 2-km region.

Figure 3-4.8 provides a graphical illustration of the tabular data on altitude distribution of NOy
emissions for the subsonic fleets (panel ¢), the Mach 1.6 HSCT cases (panel a), and the Mach 2.4
HSCT cases (panel b). Panel ¢ illustrates the growing amount of emissions projected from the
1990 fleet (solid line) to the 2015 fleet without an HSCT (dashed line) and then the reduced
amount of emissions for a 2015 subsonic fleet (dotted line) in the presence of an HSCT fleet. In
all three cases, the altitude distribution is very similar. In panels a and b, the projected NOy
emissions from the 2015 subsonic fleet with no HSCT fleet are contrasted with emissions from the
2015 HSCT cases for a nominal EI of 5 (dashed lines) and a nominal EI of 15 (dotted lines). The
double emission peaks in 2015 resulting from subsonic and HSCT fleets are clearly seen as is the
higher cruise altitude for a Mach 2.4 HSCT as compared to a Mach 1.6 HSCT.

Comparison of Calculated and Reported Jet Fuel Consumption

Total worldwide jet fuel consumption has been reported by the U.S. Department of Energy
(DOE, 1991), as well as jet fuel consumption by civil aviation for 1990 (Balashov and Smith,
1992).The difference between the total reported jet fuel consumption and the total jet fuel use by
civil aviation provides some estimate of the military fuel use.These results and those of the
calculated 1990 fuel burn for each of the individual AESA component emission scenarios have
been tabulated in Table 3-4.8.

Approximately 76% of the world jet fuel consumption has been accounted for in the calculated
scenarios for 1990.General aviation was not considered in these calculations but is reported to
account for only 2% of the world usage.The calculations of scheduled passenger airline, scheduled
cargo, scheduled turboprop, charter, and former Soviet Union account for 81% of the jet fuel use
reported by ICAO for commercial operations (Balashov and Smith, 1992). The military scenario is
calculated to correspond to 66% of the non-civil jet fuel use (the difference between the total world
Jet fuel consumption and the reported world civil aviation fuel use).

189



This agreement is quite good considering the number of simplifying assumptions that have
been made in order to make the problem computationally tractable.In all of the scenarios, the
aircraft were assumed to fly according to engineering design along great circle routes between the
city-pairs without accounting for diversions due to air traffic control, weather holds, airport
congestion, and fuel use by auxiliary power units.Altitudes were calculated according to optimized
performance rather than "step climbs" dictated by air traffic control. In addition, the calculations
used May 1990 as representative of the annual average air traffic schedule for 1990.

Based on the comparisons reported in Subchapter 3-2 for scheduled airline operations, (Table
3-2.6), the scheduled airliner and cargo scenario may have a systematic error of about 9% in the
fuel burned. It is much more difficult to evaluate the accuracy of the military, charter, and non-
OAG-scheduled flights in the former Soviet Union. In addition to uncertainties about the fuel burn
and emissions technologies for these nonscheduled operations, there are large uncertainties about
the flight frequencies, utilizations, and the type of equipment utilized. In addition, for the
nonscheduled air traffic, generic aircraft types were used. There can easily be systematic errors
associated with using performance and emissions characteristics of generic aircraft in the
calculations, particularly if there is large variability in the technology within a given class of
aircraft. This was shown for the generic 1990 aircraft described in Subchapter 3-2, which were
carefully constructed by linear combinations of actual aircraft performances. The errors may be
even larger when such a detailed database is not available to guide the construction of the generic
database. It is difficult to conclude at this time whether further refinements in these databases are
needed or not, since the calculations have accounted for the majority of world jet fuel use.

It is difficult to assess the accuracy of the reported jet fuel consumption. These databases are
compiled from a variety of sources in many countries. We believe that the DOE database for jet
fuel is based on refinery product output. Jet fuel can be used in place of diesel fuel for both
ground transportation and home heating. In countries where fuel is at a premium, jet fuel may be
used for a variety of purposes other than aviation; thus, the DOE reports may overestimate the
worldwide jet fuel use for aviation. Similarly, we believe the ICAO numbers are derived from
airline reports, the completeness and accuracy of which vary. As a result, an estimate for military
use derived from the difference between the DOE total jet fuel use and the ICAQ report of civil
aviation use may not be valid.

A comprehensive critique of the refinery production of jet fuel and of the ICAQO database would
be a major project. Since the calculated jet fuel amounts in the current emissions database account
for about 80% of the reported usage, it is not clear that such a study is warranted at this time.

There are no measurements or other global inventories of aircraft emissions done with this level
of detail with which to compare these scenarios. Recent estimates of subsonic emissions for 1987,
considering only scheduled commercial traffic, were calculated for cruise altitudes only, summed
over longitude, and presented at 10 degree latitude resolution. (Boeing, 1990). A recent three-
dimensional calculation has been presented (Mclnnes and Walker, 1992) which considered six
aircraft types operating on four characteristic mission profiles. Their database was calculated for
24 equal volume latitude cells with 7.5 degree longitude and 0.5 km altitude resolution. Their
database initially accounted for only 50% of the reported fuel burn and was scaled to the reported
value to attempt to account for military aviation, nonscheduled traffic, general aviation or charter
traffic which were not explicitly calculated. The results presented here are much more
comprehensive in terms of types of aircraft considered, level of detail included in the mission
profile calculations, resolution of the data set, and in terms of the different components of global
aviation included in the calculation. For the scheduled 1990 operations, the emission
characteristics have been based on measured emission indices; but little experimental data exist to
directly test the calculated emissions.
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CONCLUSIONS AND FUTURE CONSIDERATIONS

The fuel burned and atmospheric emissions have been determined for 1990 aircraft and for
several scenarios projected to the year 2015 that include both subsonic and projected HSCT fleets.
HSCT scenarios were determined for several different cruise Mach numbers and different NOy
emission indices. The resulting data sets are the most realistic and most comprehensive ever
developed. While other databases have been compiled in the past (e.g., Boeing, 1990), this is the
first to generate the data on a high resolution three-dimensional grid which attempts to explicitly
calculate not only scheduled operations but also military, charter, and flights in the former Eastern
Bloc.

Nonetheless, there are still uncertainties associated with the existing data sets and needs for
extending the existing analyses.

Possible Future Work

* The effects of HSCT emissions within the polar vortex can not be completely accounted for
by two-dimensional stratospheric chemistry models. It may become important to route the
aircraft to avoid a special atmospheric condition such as the polar vortex. An evaluation of
the fraction of HSCT emissions emitted directly within the polar vortex would be valuable.
Routes that make the largest contribution to HSCT emissions within the vortex should be
identified. Scoping calculation to assess the possibility of waypoint routing to minimize
these effects should be done for selected routes, with fuel, flight time, and connect time
constraints.

* The engineering performance and emissions calculations are all based on a U.S. Standard
Atmosphere temperature and pressure profile. Parametric studies to evaluate the effects of
temperatures on the fuel burn and emissions for selected missions would be valuable.

*  Evaluate HSCT seasonal variability and its impact on emission scenarios. While there are
clearly seasonal variations in subsonic traffic, there is disagreement within the industry as
to the similarity of HSCT seasonal traffic variations with comparable subsonic routes.

* Calculate the seasonal variability in the subsonic fleet scenarios for major airline schedule
periods (summer and winter) using the 1990 OAG data.

+ Conduct a preliminary evaluation of the effect of supersonic corridors (flights permitted
over land in sparsely populated areas) on HSCT utilization, fuel use, and emission
scenarios.

ACKNOWLEDGMENT

The support of Linda Hunt, Debra Maggiora, and Karen Sage in processing the data and
providing graphical displays of the emission scenarios is gratefully acknowledged.

191



Table 3-4.1. Summary of Fuel Burn and Emissions From Each of the Component
Databases and Scenarios’ ‘

File Fuel NOx HC CO
550 (kg/yr) (kg/yr) (kg/yr) (kg/yr)
1
Scheduled Airliner and Cargo 9.08E+10 1.14E+09 1.37E+08 5.17E+08
Scheduled Turboprop 1.99E+09 2.05E+07 1.11E+06 9.77E+06
Charter 6.65E+09 5.99E+07 4.08E+06 3.42E+07
Military 2.60E+10 1.94E+08 1.89E+08 4.86E+08
Former Soviet Union 8.28E+09 4.92E+07 2.17E+07 8.20E+07
Total (1990) 1.34E+11 1.46E+09 3.52E+08 1.13E+09
2015
Scheduled Cargo 5.64E+09 4 91E+07 3.56E+06 2.77E+07
Scheduled Airliner (no HSCT fleet) 2.45E+11 2.24E+09 9.20E+07 1.09E+09
Scheduled Subsonic Airliner (HSCT  2.10E+11 1.85E+09 1.17E+08 1.04E+09
fleet exists)
Scheduled Turboprop 4. 14E+09 4.42E+07 7.27E+06 2.41E+07
Charter 1.35E+10 1.22E+08 8.91E+06 7.23E+07
Military 2.06E+10 1.47E+08 1.85E+08 4.05E+08
Former Soviet Union 1.58E+10 9.38E+07 4.13E+07 1.56E+08
HSCT M1.6 EI=5 991E+10 4.57E+08 2 98E+07 2.88E+08
HSCT M1.6 EI=15 9.91E+10 1.37E+09 2.98E+07 2.88E+08
HSCT M2.4 (EI=5) 7.64E+10 5.00E+08 2.83E+07 2.33E+08
HSCT M2.4( EI=15) 7.64E+10 1.36E+09 2.83E+07 2.33E+08
YR 2015 Total (no HSCT fleet) 3.04E+11 2.70E+09 3.38E+08 1.77E+09
YR 2015 Total (M1.6, EI5 fleet) 3.69E+11 2. 76E+09 3.93E+08 2.01E+09
YR 2015 Total (M1.6, EI15 fleet) 3.69E+11 3.67E+09 3.93E+08 2.01E+09
YR 2015 Total (M2.4, EI5 fleet) 3.46E+11 2.80E+09 3.91E+08 1.96E+09
YR 2015 Total (M2.4, EI15 fleet) 3.46E+11 3.66E+09 3.91E+08 1.96E+09

"1.0E+08=1x108
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Figure 3-4.1. Annual NO, emissions for the 1990 subsonic fleet (Scenario A, top panel) and for the
proposed 2015 Mach 2.4 (El=15) HSCT case (Scenario F, bottom panel) as a function of latitude and
longitude. Scenario F results shown are computed over altitudes below 13 km to emphasize the subsonic

fleet.
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Figure 3-4.2. Annual NO, emissions above 13 km f
ch 2.4 (EI=15) HSCT case (Scenario F, bottom

case (Scenario D, upper panel) and the proposed Ma
panel).
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Figure 3-4.3.' Annual NO, emissions for the 1990 subsonic fleet (Scenario A, top panel) and for the
2015 subsonic fleet in the absence of an HSCT fleet (Scenario B, bottom panel) as a function of
geopotential altitude and latitude.
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Figure 3-4.4. Annual NO, emissions for the proposed 2015 Mach 1.6 (El=15) HSCT case (Scenario D,
top panel) and for the proposed 2015 Mach 2.4 (EI=15) HSCT (Scenario F, bottom panel) as a function of

geopotential aititude and latitude.
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Figure 3-4.5. Annual NOy emissions and cumulative fraction of NOy emissions as a function of latitude
for the 1990 subsonic fleet (Scenario A, solid lines) and for the 2015 subsonic fleet in the absence of an

HSCT fleet (Scenario B, dotted lines).
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Figure 3-4..6. Annual NOy emissions and cumulative fraction of NOy emissions as a function of latitude
for Scenario C (proposed _2015 Mach 1.6, EI=5 HSCT case) and for Scenario D (proposed 2015 Mach 1.6,
El=_15. HSCT case). Solid lines indicate emissions summed below 13 km while dotted lines indicate
emissions computed above 13 km.
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Figure 3-4.7. Annual NOy emissions and cumulative fraction of NOy emissions as a function of latitude
for Scenario E (proposed 2015 Mach 2.4, El=5 HSCT case) and for Scenario F (proposed 2015 Mach 2.4,
El=15 HSCT case). Solid lines indicate emissions computed below 13 km while dotted lines indicate

emissions summed above 13 km.
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Figure 3-4.8. Annual NO, emissions as a function of geopotential altitude for the Mach 1.6 HSCT
cases (panel a), for the Mach 2.4 HSCT cases (panel b), and for the 1990 and 2015 subsonic fleets (panel
¢). Inpanels a and b, the solid line indicates the 2015 subsonic fleet without an HSCT, the dashed line
indicates the EI=5 HSCT cases, and the dotted line indicates the El=15 HSCT cases. In panel ¢, the solid
line indicates the 1990 subsonic fleet, the dashed line the 2015 subsonic fleet without an HSCT, and the
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INTRODUCTION

The results presented in this chapter are from six two-dimensional zonal-mean models (AER,
CAMED, GSFC, LLNL, NCAR, and OSLO, see Table 1). The purpose of this chapter is to
present results from calculations using the emissions data presented in Chapter 3 of the program
report (1993) and discuss the factors that affect the uncertainties in the calculated results. While
the discussion will focus on the recent results obtained using the latest emissions scenarios and
parameterization of heterogeneous chemistry, it also draws on the results obtained over the
previous years.

MODEL FEATURES, SIMILARITIES, AND DIFFERENCES

The models that provided results for this document are representative of the models being
used for ozone assessment studies connected with the chlorine/ozone problem (WMO, 1992).
The results for aircraft assessment may be sensitive to model features that have not been tested
previously. Previous model validations have concentrated on the effect of increased chlorine in
which the source for chlorine is more or less uniformly distributed through the middle and upper
stratosphere. Aircraft emissions are deposited close to the tropopause. The results should
depend on the ability of the model to simulate the dynamics of the lower stratosphere and upper
troposphere with respect to synoptic-scale motions and the exchange of mass between the
stratosphere and the troposphere. Increases in NOy in the lower stratosphere lead to large
adjustments of the HOyx and ClOx chemical cycles. {’a]idation of various mechanisms is also
more difficult, since the changes in each cycle are likely to be small compared with those
observed in the polar regions.

There are common features among the models because of similarity in the basic approach,
and because improvements to the models were made as a result of several model intercomparison
workshops (Jackman et al., 1989b; Prather and Remsberg, 1993). However, differences still
exist among the models. We will try to make use of these different approaches to get a better
idea of the uncertainties associated with the model predictions.

Treatment of Photochemistry

Reaction rates and photolysis cross sections used in the calculations are taken from JPL-92
(De More et al., 1992). The radiative transfer calculations in the models differ in their treatment
of multiple scattering. There are also significant differences in photolysis rates which have a
significant contribution from the spectral interval containing the Schumann-Runge bands (see
Prather and Remsberg, 1993). However, these have only a small impact on the calculated ozone
changes.

For a test case in which the long-lived species such as ozone and total odd nitrogen are held
fixed, the calculated radical concentrations in three of the models (AER, GSFC, and LLNL) are
in good agreement with each other and with ATMOS sunset measurements (see Prather and
Remsberg, 1993, section M.).

The models also differ in the diurnal treatments used to calculate the long-lived trace gases.
The AER model uses an explicit diurnal integration. The other models use diurnally averaged
production and loss rates to calculate daytime average constituent concentrations. In some cases,
precalculated factors computed off-line with a diurnal model are used in this calculation. The
diurnal treatment is particularly important for determining the rate of heterogeneous reaction of
N20Os with HyO, because N2Os5 exhibits a large diurnal variation. The similarity among the
model calculated results on ozone changes would suggest that this is treated in an adequate
manner.
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Heterogeneous Reactions

Previous assessments of the impact of a fleet of supersonic aircraft flying in the lower
stratosphere considered only gas-phase photochemical reactions (Johnston et al., 1989 Prather
and Wesoky, 1992, Chapter 5). The importance of the reaction N205+H720 on background
sulfate aerosols to this calculation had been demonstrated by Weisenstein et al. (1991) and Bekki
et al. (1991). Laboratory measurements and atmospheric observations indicate that this reaction
is important to the chemical balance controlling the photochemical removal of ozone in the lower
stratosphere. Because this reaction appears to proceed on sulfate aerosols independent of their
composition (see Chapter 5), its incorporation in a two-dimensional model appears to be
straightforward. The two reactions on sulfate aerosols included in the calculations are

N2Os + HpO(on aerosol) - HNOj3 + HNO3 (7.1)

and CINOj3 + H20(on aerosol) » HOCI + HNO3. (7.2)
In both cases, it is assumed that the products are immediately released in gas phase.

The reaction rate is parameterized as first-order rate equal to the product of a reaction
probability and collision frequency with the aerosol corresponding to clean conditions (i.e.,
several years after any significant volcanic injection of sulphur). The surface area are fixed at
recommended values as functions of latitude (WMO, 1992, Chapter 8). Note that the median
value over the past two decades is a factor of 4 larger than this value.

The reaction probability for (7.1) is taken to be 0.1 independent of aerosol composition. For
(7.2), a temperature-dependent expression [(0.06 exp(-0.15(T-200))] is used to simulate the
dependence on aerosol composition. A more realistic parameterization involving the water
content of the sulfate particle (Hanson and Ravishankara, 1991) was not used in this set of
calculations. However, the effect from (7.2) is small at background condition. Since the zonal-
mean temperatures and the water vapc: concentrations in the models are different (see Prather
and Remsberg, 1993, Section A and B), parameterized rates for (7.2) are ex